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 Prograde metamorphic pressures and temperatures of Archean high-grade garnet-bearing 
lithologies from the eastern Beartooth Mountains of Montana provide an important constraint on 
the tectonometamorphic history of this terrane and the early Earth in general. A particularly 
useful means to approximate prograde metamorphic conditions is examining entrapment 
conditions of garnet mineral inclusions during garnet growth. Lithologies of the eastern 
Beartooth Mountains are well-suited to this approach because of the presence of abundant 
mineral inclusions within garnet porphyroblasts. Consequently, prograde metamorphic pressures 
and temperatures in the Beartooth Mountains, conditions that have only been broadly constrained 
previously, can be more accurately determined and used to constrain the tectonic environment 
responsible.  
 Four high-grade garnet-bearing lithologies from the eastern Beartooth Mountains were 
examined to constrain prograde metamorphic paths: peraluminous migmatites, garnet-biotite 
gneisses, iron formations, and mafic granulites. Optical petrography and cathodoluminescence 
(CL) imagery were used to target areas for subsequent Raman and chemical analysis. Quartz 
inclusion entrapment pressures were calculated by measuring Raman spectroscopic peak position 
changes of quartz as a result of relative changes in strain. Mineral inclusions and matrix grains 
were chemically analyzed on an electron microprobe (EMP) and the data were used to calculate 
prograde entrapment temperatures and peak metamorphic conditions, respectively, using various 
geothermobarometers.  
 Inclusion thermometry coupled with Raman barometry predicts prograde entrapment 
conditions of 675-775°C and 9-11 kbar. Predicted conditions of inclusion entrapment agree with 
the upper limits of calculated peak metamorphic pressures but are below calculated peak 
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metamorphic temperatures. These data are interpreted to represent inclusion entrapment during 
isobaric growth of garnet hosts at peak metamorphic pressures as temperatures increased in a 
clockwise pressure-temperature path. Such prograde paths likely resulted from burial due to 
collisional tectonics followed by isobaric heating from emplacement of local plutonic bodies. 
These findings place new constraints on the tectonometamorphic evolution of Beartooth rocks. 
Additionally, these findings demonstrate that garnet mineral inclusion studies can be used to 
















CHAPTER I. INTRODUCTION 
 Prograde paths of metamorphism are typically obscured in metamorphic rocks as mineral 
assemblages continuously re-equilibrate during progressive metamorphism. Understanding the 
nature of prograde paths is important for evaluating both the conditions of metamorphism in a 
given area and the tectonic driving forces responsible for metamorphism. While peak 
metamorphic assemblages and/or later overprints are typically preserved within metamorphic 
rocks, many workers have demonstrated that portions of prograde paths can be preserved by 
mineral inclusions (e.g. Henry and Daigle 2018; Thomas and Spear 2018). Mineral inclusions 
may record the geologic conditions at which they were entrapped within the host mineral if they 
have not experienced significant post-entrapment modifications (e.g. Gonzalez et al. 2019). 
 Garnet presents an ideal host mineral candidate to preserve prograde conditions for 
several reasons. (1) Garnet porphyroblasts typically entrap a variety of mineral types as 
inclusions that can record different entrapment parameters (e.g. pressure, temperature, fluid 
composition). (2) Garnet is mechanically strong relative to most entrapped mineral inclusions 
(e.g. quartz) and acts as a rigid host that allows for preservation of inclusion strains developed as 
a result of prograde entrapment, functioning as a prograde geobarometer (Ashley et al. 2016). (3) 
Garnet hosts can also prevent mineral inclusions such as feldspar, biotite, and amphibole from 
chemically re-equilibrating with the matrix assemblage upon entrapment allowing for 
calculations of prograde pressures and temperatures. (4) Its stability over a wide range of 
geologic conditions in multiple bulk rock chemistries allows garnet to be used as a potential 
indicator of prograde metamorphic conditions for an array of metamorphic lithologies.  
 The purpose of this study is to determine prograde metamorphic conditions (i.e. pressure 
and temperature - PT) for multiple high-grade, garnet-bearing lithologies from the eastern 
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Beartooth Mountains of Montana in order to both constrain prograde metamorphic evolution of 
Beartooth rocks through time and to relate calculated prograde paths to the tectonic scenario 
responsible. Prograde conditions are calculated by examining both garnet inclusion residual 
strain state via quartz-in-garnet elastic Raman geobarometry (QuiG) and inclusion mineral 
chemistry using various geothermobarometers. Lithologies of the eastern Beartooth Mountains 
are optimally suited for such analyses because garnet porphyroblasts typically contain abundant 
mineral inclusions (e.g. quartz, biotite, plagioclase, ilmenite, etc.) (e.g. Will, 2013). Interpreted 
prograde paths from mineral inclusion work will be compared to peak metamorphic conditions 
calculated from matrix mineral chemistry in order to place interpreted prograde paths in the 
broader context of peak Beartooth metamorphism. Prograde constraints provided by this study 
will further knowledge of Beartooth prograde metamorphic evolution, which has only been 













CHAPTER II. BACKGROUND 
 2.1. Geologic Setting 
 The Beartooth Mountains of Montana and Wyoming comprise a significant portion of an 
Archean-aged terrane in the northern portion of the Wyoming Province where abundant 
exposures of preserved Archean crust provide a record of early Earth development (e.g. Mogk et 
al. 2018). The Wyoming Province (Fig. 1) is bounded by Proterozoic terranes to the north, east, 
and south (i.e. Great Falls tectonic zone, Trans-Hudson orogen, and the Cheyenne belt, 
respectively) and multiple Archean and Proterozoic terranes to the west (e.g. Mueller and Frost, 
2006). 
 
Figure 1. Map showing the Beartooth Mountains relative to other exposures of Precambrian 




  Three general subdivisions are recognized within the Wyoming Province: the Montana 
metasedimentary terrane (MMT), the Beartooth-Bighorn magmatic zone (BBMZ), and the 
southern accreted terranes (SAT). Four blocks comprise the Beartooth range: the North Snowy 
block, the South Snowy block, the Stillwater block, and the Beartooth Plateau block (Fig. 2, e.g. 
Mueller et al. 2014). This study focuses on determining prograde conditions within the Beartooth 
Plateau block in the eastern Beartooth Mountains within the BBMZ. 
 
Figure 2. Generalized geologic map of the Beartooth Mountains showing major geologic 
divisions. The location of the range within the western US is shown in the inset. Locations of 
rocks examined here are denoted “WC”, “HP”, and “QC” (Modified after Mueller et al. 1992). 
 
 Most of the Beartooth Mountains fall within the BBMZ although the northwestern-most 
portion of the range falls within the MMT (e.g. Fig. 1). Rocks contained within the MMT consist 
of Neoarchean metasedimentary lithologies (e.g. metapelites, iron formations, marbles, and 
quartzites) interspersed among older quartzofeldspathic gneisses (e.g. Mueller et al. 1996). 
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Neoarchean plutonic rocks of the tonalite-trondhjemite-granodiorite (TTG) suite make up the 
bulk of exposed material within the BBMZ (Mueller et al. 2014). Significantly older (up to 3.5 
Ga) xenolithic pendants and enclaves composed of multiple metaigneous and metasupracrustal 
lithologies are tectonically interleaved within the 2.8 Ga TTG material (e.g. Henry et al. 1982). 
Metaigneous lithologies are composed of TTG gneisses and migmatites whereas 
metasupracrustal lithologies include, in part, quartzites, iron formations, paragneisses, and 
migmatites (e.g. Henry et al. 1982; Mogk et al. 2018).  
 Divisions (blocks) shown in Figure 2 each contain geologically distinct Archean 
lithologies. North Snowy block material consists of several allochthonous metaigneous and 
metasupracrustal lithologic units distinguished based on structural characteristics and 
metamorphic history whose aggregation occurred between 2.56 and 2.74 Ga (Mogk et al. 1988). 
The South Snowy block is typified by the Jardine metasedimentary sequence (JMS) (principally 
metapelites, banded iron formations, and quartzites) and multiple granitic plutons that were 
intruded into the JMS ~2.80 Ga (e.g. Mogk et al. 2018). The Stillwater block is chiefly 
comprised of the 2.70 Ga Stillwater complex, a layered mafic intrusion, and its associated 
contact metamorphic aureole in metasedimentary material (e.g. Henry and Mogk, 2003). 
Material preserved in the Beartooth Plateau block is dominated by 2.8 Ga TTG plutonic rocks 
characteristic of the BBMZ with older xenoliths and enclaves of metaigneous and 
metasedimentary lithologies tectonically intercalated throughout (e.g. Henry et al. 1982). As a 
result of this continuous tectonic intermixing, material of widely different ages are juxtaposed 
and lithologic variability is on the centimeter to meter scale (e.g. Henry and Daigle, 2018). 
Lithologies studied here comprise portions of xenolithic bodies and include peraluminous 
migmatites, iron formations, mafic granulites, and garnet-biotite gneisses.  
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 Detailed geochronological and geochemical work on rocks from the Beartooth Plateau 
block show chemical trends that place fundamental constraints on early earth evolution. U-Pb 
radiometric age dating of detrital zircons recovered from quartzites in the Beartooth Plateau 
block yield ages as old as 4.0 Ga (Mueller et al. 1998). Lutetium-Hafnium (Lu-Hf) analyses 
show a decreasing Lu/Hf ratio in 3.6-4.0 Ga zircons indicating an undepleted mantle source 
whereas younger zircons from 3.3-3.6 Ga preserve an increasing Lu/Hf ratio indicating a 
depleted mantle source with increasing crustal contributions (Mueller and Wooden, 2012). These 
data and others are interpreted to represent the initiation of modern, subduction-style plate 
tectonics on the North American continent and a transition away from plume-dominated 
tectonism (e.g. Mueller and Wooden, 2012; Mueller et al. 2014).  
 Arc-like trace element abundances (i.e. depletion in high field strength elements and 
positive Pb anomalies) exhibited by the dominant TTG plutonic material within the BBMZ 
provide further evidence of subduction-driven tectonism operating in the area throughout the 
Archean (e.g. Mueller et al. 2014). These findings are geologically significant as they provide 
constraints on the initiation of plate tectonics on earth, an event whose timing is highly debated 
due to the fragmented nature of the Archean rock record (e.g. Korenaga, 2013). 




Figure 3. Interpreted PT path (dots and arrows) and associated conditions of the three Beartooth 
metamorphic events (M1, M2, and M3) from Henry and Mogk (2003) plotted on the petrogenetic 
grid for high-grade metapelites by Spear et al. (1999). 
 
 Xenolithic materials studied here record complex geologic histories and often preserve 
multiple stages of metamorphism that are shown relative to each other in Figure 3. Metaplutonic 
xenoliths were produced as a result of subduction-driven continental growth between 3.1 and 3.5 
Ga after plume activity ceased (e.g. Mogk et al. 2018). A period of tectonic quiescence followed 
whereby mature sandstones and mudstones were deposited in a passive margin setting before 
being subsequently metamorphosed to granulite facies and tectonically mixed with older TTG 
gneisses (e.g. Mueller et al. 2014). This first metamorphic event recognized in the area (M1) 
~2.8-3.1 Ga attained granulite facies peak conditions of 750-835°C and 6.0-8.0 kbar, producing 
the metasupracrustal xenolithic lithologies studied here (e.g. Henry et al. 1982; Maas, 2004; 
Will, 2013). Emplacement of the Long Lake Magmatic Complex (LLMC) at ~2.8 Ga yielded the 
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TTG material that dominates the BBMZ (e.g. Mueller et al.2014). Two other metamorphic 
events, preserved as overprints, include a lower grade amphibolite facies event (M2) ~2.79 Ga 
whose conditions were 650-700°C and 4-6 kbar and a third, granulite facies event (M3) ~2.7994 
Ga whose peak conditions were ~750-800°C and 5-6 kbar (e.g. Henry and Mogk, 2003). 
Beartooth Archean rocks were uplifted as a result of Laramide tectonism from 57-64 Ma and 
exposed by erosion of overlying material in the early Cenozoic ~50-57 Ma (Henry and Mogk, 
2003).  
 Rocks analyzed in this study originate from multiple locations within the eastern portion 
of the Beartooth Plateau block. These locations, shown in Figure 2, include the Quad Creek and 
Quad Creek Plateau (QC), Hellroaring Plateau (HP), and Wyoming Creek (WC) localities. 
2.2. Elastic Raman Geobarometry  
 This study utilizes an emergent petrologic tool, quartz-in-garnet Raman elastic 
geobarometry (QuiG). QuiG relates strain state of quartz inclusions measured via laser Raman 
spectroscopy to their entrapment conditions within garnet hosts during prograde metamorphism 
(Kohn, 2014). Although other elastic geobarometry calculations are available (e.g. feldspar-in-
clinopyroxene, Befus et al. 2018; olivine-in-diamond, Izraeli et al. 1999), quartz-in-garnet 
calculations are employed here because (1) they have been well-calibrated by recent workers 
(e.g. Angel et al. 2017a; Thomas and Spear, 2018; Angel et al. 2019; Gonzalez et al. 2019) and 
(2) this host-inclusion pair is modally abundant in multiple Beartooth lithologies. Raman 
geobarometry is unique in that it relies on mineral mechanical properties instead of mineral 
chemistry like most traditional geo(thermo)barometers. This reliance on mineral mechanical 
properties is advantageous because mineral inclusions typically interact chemically with garnet 
hosts after prograde entrapment (e.g. Mg-Fe exchange between garnet host and biotite inclusion). 
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Thus, prograde calculations that rely solely on mineral inclusion chemistry may yield erroneous 
results. 
 The basis for QuiG elastic geobarometry is the dependence of Raman spectral peak 
positions of quartz inclusions on internal stress state changes (Kohn, 2014). Upon entrapment, 
the stress state of both host and inclusion are the same. However, during changing temperature 
and pressure conditions as a result of exhumation, a net strain is exerted on the inclusion due to 
differing thermoelastic properties (i.e. expansivity and compressibility) between garnet host and 
quartz inclusion (e.g. Angel et al. 2014b). The high compressibility of quartz relative to garnet 
allows quartz inclusion to record strains and the rigidity of garnet hosts allows for preservation 
of these residual strains, making quartz-in-garnet optimally suited to calculate prograde 
entrapment conditions (Ashley et al. 2016). As long as the structural integrity of the host garnet 
is not compromised due to fracturing and/or alteration, residual strains of quartz inclusions can 
be used to readily constrain prograde conditions of inclusion entrapment (e.g. Zhang, 1998).  
 QuiG calculations initially relied on the assumptions of Zhang (1998): (1) inclusions are 
small (i.e. located away from free surfaces) and spherical, (2) host and inclusion are both 
elastically isotropic, and (3) the elastic properties of host and inclusion do not change with 
pressure and temperature during metamorphism (i.e. linear elasticity). The first assumption must 
be followed when selecting inclusions for Raman measurements. Inclusions located proximal to 
fractures and/or other free surfaces within the garnet have likely had their residual strains reset 
and thus will underpredict inclusion entrapment conditions (e.g. Kohn, 2014). Inclusions that are 
faceted and/or are irregularly shaped (i.e. not spherical) can concentrate stress along grain edges 
causing strain gradients across a single inclusion (Mazzuchelli et al. 2018; Campomenosi et al. 
2018). While the second assumption approximates the elastic behavior of garnet, quartz cannot 
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be considered to be elastically isotropic (e.g. Murri et al. 2018). This elastically anisotropic 
behavior indicates that quartz inclusions experience deviatoric stresses and are not 
hydrostatically pressured by the host garnet. Furthermore, it has been shown that shifts in quartz 
Raman spectral peak postions are a function of inclusion strain state, therefore strains must be 
converted to stresses in order to accurately constrain conditions of inclusion entrapment (e.g. 
Murri et al. 2018, Stangarone et al. 2019). 
 The third assumption that assumes mineral elastic properties do not change with pressure 
and temperatures does not hold for the large pressure and temperature changes associated with 
metamorphism. Therefore, this assumption is no longer utilized because its use can yield 
entrapment pressures with uncertainties on the order of 10 kbar (Angel et al. 2014b). Current 
QuiG calculations have been modified to reflect updated model assumptions, that is quartz is no 
longer assumed to be elastically isotropic and elastic properties of host and inclusion are not 
assumed to behave linearly during metamorphism (e.g. Angel et al. 2014b; Mazzucchelli et al. 
2018; Murri et al. 2018).  
 Inclusion residual strains (Pinc) for a given sample are calculated by comparing the 
relative rightward shifts in position of quartz inclusion Raman spectral peaks with their positions 
measured in unentrapped matrix quartz grains (e.g. Wolfe and Spear, 2018). Rightward shifts in 
Raman vibrational modes (i.e. spectral peaks) indicate that quartz inclusions record a residual 
strain. Inclusions whose spectral peak positions do not shift or are found to be shifted leftward of 
their normal positions (i.e. negative Raman peak shift) have had their residual strains reset and 
cannot be used for calculating entrapment conditions.  For quartz, the normal Raman spectral 
peak positions are 127.9 cm-1 (i.e. 128 cm-1), 205.9 cm-1 (i.e. 206 cm-1), and 464.8 cm-1 (i.e. 464 
cm-1) shown in Figure 4. These peak positions have been determined to result from vibrations of 
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the intra-tetrahedral O-Si-O bonds in α-quartz that are bent at approximately 108° (Etchepare et 
al. 1974). Calculated Pinc values are related to entrapment conditions via equations-of-state (EoS) 
that govern inclusion-host volume and density variations over the geologic pressures and 
temperatures associated with metamorphism (e.g. Angel et al. 2014a).  
 
Figure 4. Example of a Raman peak shift for a quartz inclusion (orange spectrum) relative to 
unencapsulated quartz in the matrix (blue spectrum). The calculated peak shift for each spectral 
peak of quartz is denoted above each arrow. 
 
 EoS calculations generate a range of possible inclusion prograde entrapment conditions 
in pressure-temperature space for each inclusion measured; this line in PT space is known as an 
entrapment isomeke. Isomekes are curved paths in pressure-temperature space along which 
fractional volume changes experienced by host and inclusion are the same (e.g. Angel et al. 
2014b). Unique entrapment conditions can be discriminated along isomekes once prograde 





CHAPTER III. METHODS 
3.1. Petrography  
 Nineteen high-grade garnet-bearing lithologies from the eastern Beartooth Mountains 
stored in the Louisiana State University (LSU) Department of Geology and Geophysics were 
examined in this study. Samples were collected by Darrell Henry and others during various 
fieldwork projects since the 1980s. Ten samples are from Quad Creek, one from Quad Creek 
Plateau, seven from Hellroaring Plateau, and one from Wyoming Creek (Fig. 2). Generally, 
samples are labeled with the sample locality abbreviation first (i.e. Quad Creek – QC, Quad 
Creek Plateau – QCP, Hellroaring Plateau – HP, and Wyoming Creek – WC) followed by the 
year that they were collected (e.g. 1981 is denoted by 81) and the sample number.  
 Polished thin sections were made for each sample by Wagner Petrographic Inc. Thin 
sections were made to be 100 micrometers thick in order to satisfy the first assumption of Zhang 
(1998) (i.e. quartz inclusions are located away from the thin section surface). Samples were 
scanned using a V550 Epson optical scanner to produce full thin-section maps both in plane-
polarized light (PPL) and cross-polarized light (XPL). Sample petrography was examined in both 
PPL and XPL on a BH-2 Olympus petrographic microscope in the LSU Department of Geology 
and Geophysics. Petrographic descriptions targeted primary and secondary mineralogy of each 
sample, quality of quartz-in-garnet inclusions (i.e. abundance/shape of quartz inclusions and 
degree of fracturing/alteration of garnet host), and any textural fabrics (e.g. foliation, 
compositional layering, etc). Opaque minerals were examined in reflected light using an 
Olympus BX-50 microscope. PPL photomicrographs were taken of select samples using a Leica 
DM750P petrographic microscope equipped with a Leica ICC50 W camera system. Imaging was 
performed at multiple objectives both in the petrology lab and the Optical Petrography and 
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Imaging Laboratory (OPI), both located in the Department of Geology and Geophysics at LSU. 
Observed minerals and their abbreviations after Whitney and Evans (2010) are shown in Table 1. 
Table 1. Observed minerals and their abbreviations after Whitney and Evans (2010). 
 
3.2. Raman Spectroscopy  
 Raman spectra of quartz mineral inclusions were collected on a Renishaw in-Via Reflex 
Raman Microscope at the Shared Instrumentation Facility (SIF) at LSU. Raman spectroscopic 
analyses were performed before microanalytical methods related to mineral chemistry to avoid 
any potential beam influence on residual strains. Raman spectra were collected at ambient 
pressures and temperatures using 100µm thick polished thin sections. Experiments utilized a 
532nm incident laser focused using a 100x microscope objective in high-confocality mode and a 
1800 groove/mm grating. High-confocality mode was used to optimize the signal of measured 
quartz inclusions by reducing the sample volume measured. Single-shot laser exposure times 
were 20-30s in duration. Both a silicon metal wafer and a Herkimer “diamond” (quartz) were 
used as standards. Upon acquisition of spectra, peak positions were assigned and a baseline 
subtraction was applied using the Renishaw WiRE software package. The WiRE software 
assigns peak positions based on the position of the mid-point of each peak and the baseline 
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subtraction application fits a polynomial curve to each individual spectrum. Errors of peaks 
selected using the WiRE software are within 0.2 to 0.3 cm-1 (Gonzalez et al. 2019). Following 
the morphological constraints of Zhang (1998) (i.e. assumption one) quartz inclusions that were 
either breached at the thin section surface or located within highly fractured and/or altered garnet 
porphyroblasts were avoided when possible.  
 During the three month analytical period, the 519.1 cm-1 peak of the silicon metal 
standard varied within 0.1 cm-1 and the 464 cm-1 peak of the Herkimer diamond standard varied 
within 0.2 cm-1 (Appendix A). This study did not attempt to correct for drift in Raman 
spectroscopic analyses as peak positions of standards varied within the margin of error 
associated with assigning peak positions to acquired spectra (i.e. 0.2-0.3 cm-1). This analytical 
error translates to an average entrapment pressure prediction error of ±0.85 and ±1.30 kbar for 
0.2 and 0.3 cm-1 spectral peak assignment errors, respectively (Fig. 5). 
 
Figure 5. Errors in predicted isomeke entrapment pressures for a ±0.2 cm-1 peak assignment error 




 Shifts in position of the 128 cm-1, 206 cm-1, and 464 cm-1 quartz Raman spectral peaks 
were calculated by subtracting the peak positions of matrix quartz from the positions of 
measured quartz inclusion peaks. Strains were calculated from measured shifts using the publicly 
available stRAinMAN software package (Angel et al. 2019). stRAinMAN utilizes the Grünesien 
tensor parameter developed by Murri et al. (2018) (Equation 1) that relates observed shifts of 
each Raman vibrational mode (i.e. peak) to inclusion crystallographic strains where −"#
$
#%
$  is the 
change in position of a given peak &, ' is the Grünesien tensor, and ( is the strain (for quartz 
() = (+ ≠ (-).  An elastic strain tensor calculation following symmetry constraints defined for α-
quartz by Nye (1957) and elastic constants of Wang et al. (2015) was used to convert measured 
strains to stresses (Equation 2) where /01 is the elastic tensor matrix, (1 is the calculated strain, 








21 = /01(1 (2) 
 A second set of residual pressure values (i.e. Pinc hydr.) were calculated for each inclusion 
following the assumption that quartz inclusions are hydrostatically pressured (i.e. stress is 
uniformly applied by garnet host in all crystallographic directions), assumption two of Zhang 
(1998). In this approach, residual stresses were calculated from observed shifts in the 464 cm-1 
quartz band using the pressure dependency polynomial developed by Schmidt and Ziemann 
(2000) shown in Equation 3 where ∆6787 is the 464 cm-1 peak shift. Shifts in the 128 cm-1 and 
206 cm-1 quartz Raman bands were not considered because this approach assumes that each 
measured peak shift will yield the same Pinc hydr. value within 0.2-0.3 cm-1 error associated with 
assignment of peak positions (Thomas and Spear, 2018). Furthermore, the 464 cm-1 is easiest to 
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measure as it is the most distinct of the three quartz Raman peaks and is not subject to either 
orientation of the quartz inclusion as is the 128 cm-1 peak or interference from host garnet 
spectral peaks as is the 206 cm-1 peak (e.g. Enami, 2012; Thomas and Speak, 2018).  
90:;	=>?@.	(C9D) = 0.36079(∆6787)+ + 110.86(∆6787) (3) 
 Entrapment isomekes were calculated for both sets of Pinc values using the EoS Fit Pinc 
software package (Angel et al. 2017b). Entrapment isomekes are calculated over a range of 
temperatures set by the user (Equation 4) where 90:; is the residual pressure, 9L:? is the ambient 
pressure of spectral acquisition, M is the shear modulus of the garnet host from Wang and Ji 
(2001), 9NOOPis the pressure along the isomeke at the temperature of spectral acquisition, 9P@QR is 
the pressure of inclusion entrapment, S0 is the volume of the inclusion at subscripted conditions, 
and S= is the volume of the host at subscripted conditions. Quartz volumes were calculated using 
a third-order Tait EoS employing the Landau transition model and a curved α-β quartz phase 
boundary developed by Angel et al. (2017a). The Landau model and the curved α-β quartz phase 
boundary account for both the non-linear volume change experienced by quartz at the α-β 
transition as well as the non-linear nature of the α-β phase boundary in pressure-temperature 
space (Angel et al. 2017a). Garnet volumes were calculated using a third-order Birch-Murnaghan 
EoS for pure almandine garnet developed by Milani et al. (2015). Examples of the EoS 
formulations for quartz and garnet are shown in Equations 5 and 6, respectively, where T: is the 
bulk modulus and its subsequent derivatives, S is the volume at subscripted P (pressure) and T 
(temperature), and U and / are parameters defined in terms of the bulk modulus.    
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 Elastic anisotropy of inclusion strain measured via Raman spectroscopy was calculated 
using Equation 7 where z is the elastic anisotropy. Inclusion strains should be approximately 
isotropic (i.e. A≈0) in order to accurately predict entrapment pressures, because anisotropic 
strains give rise to strain gradients across a single inclusion (e.g. Angel et al. 2019). Such strain 
gradients lead to inaccurate calculations of Pinc st. and resulting entrapment conditions. Therefore, 
following the general approach of Gonzalez et al. (2019), entrapment isomekes were calculated 
only for inclusions whose strain elastic anisotropy values (A) were within ±2x10-3 of zero. In the 
absence of published limits regarding acceptable inclusion strain anisotropy values, a matter of 
ongoing study (e.g. Gonzalez et al. 2019), this range is assumed to approximate elastically 
isotropic strains (i.e. A≈0).   
z = |}m|r
+
− (- (7) 
 Two excel workbooks, one for the strain tensor calculation (Pinc st.) and one for the 
hydrostatic pressure calculation (Pinc hydr.), were developed to carry out calculations not handled 
by the stRAinMAN and EoS Fit Pinc software packages. These calculations include calculation 
of peak shifts for each inclusion, conversion of stRAinMAN outputted strains to stresses (strain 
tensor calculation), Schmidt and Ziemann (2000) polynomial stress calculation (hydrostatic 
pressure calculation), and calculation of strain anisotropy (both Pinc calculations). Screenshots of 




Figure 6. Screenshots of the strain tensor and hydrostatic pressure Pinc calculation workbooks 
used in this study. 
 
 Garnet elastic behavior is shown to be influenced by chemistry differences due to solid 
solution (e.g. Wang and Ji, 2001). Therefore, EoS calculations should reflect garnet host 
compositions and, in turn, use the appropriate elastic moduli (e.g. bulk and shear modulus). 
Beartooth garnet porphyroblasts analyzed here are all predominantly iron-rich with lesser 
amounts of magnesium (i.e. almandine65-80 pyrope10-20). Entrapment isomekes employing a pure 
almandine EoS versus a pure pyrope EoS are compared over a range in pressure and temperature 
in Figure 7. Predicted entrapment conditions between the two models are similar and because a 
pure almandine EoS is closest to Beartooth garnet compositions, it is assumed to provide the 




Figure 7. Entrapment isomekes predicted by almandine EoS calculations (black) relative to 
pyrope EoS calculations (blue). 
 
3.3. Cathodoluminescence (CL) Imagery  
 CL imaging was used to examine garnet inclusion mineralogy as well as subtle textural 
features (e.g. zonation, alteration, etc.) of other minerals not easily observed via optical 
petrography. Furthermore, CL work helped to identify analytical areas of interest for subsequent 
geochemical analysis. CL imaging was conducted on a Reliotron system within the OPI. The CL 
system operates under vacuum conditions of 25-40mTorr with an electron beam voltage of        
~-10kV and beam current of 0.2-0.5mA. Both CL and PPL photomicrographs were taken during 
CL work at the 5x objective using a Leica DM 2700P petrographic microscope equipped with a 
Leica DFC 7000T camera.  
 3.4. Mineral Chemical Imaging and Analysis 
 Backscatter electron (BSE) imaging that generates grey-scale images based on mean 
atomic weight (i.e. heavier minerals appear brighter whereas lighter minerals appear darker) was 
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utilized to image areas of analytical interest for chemical analysis. BSE images were taken on a 
JEOL 8230 electron microprobe in the Department of Geology and Geophysics at LSU under 
high vacuum conditions, using a 15kV accelerating voltage and a 10nA beam current. 
 Electron microprobe analysis (EMPA) was used to obtain chemical compositions of 
garnet, biotite, plagioclase, amphibole, pyroxene, and ilmenite quantitatively. (A 20nm carbon 
coat was applied to samples before microprobe work to prevent charging of the sample surface). 
EMPA utilized wavelength-dispersive spectrometry (WDS). WDS analyses operated using a 
15kV accelerating voltage, 20nA beam current, and a 1µm focused beam diameter. Amphibole, 
feldspar, and biotite analyses utilized a 5µm beam diameter. Multiple well-characterized, mineral 
standards were routinely measured as unknowns throughout analyses both to check quality of the 
acquired data and to model instrument drift. A list of standards used for each element in a given 
mineral is provided in Table 2. 
Table 2. Mineral standards used for electron microprobe analyses. 
 
  A correction factor was applied to the major constituent cations in each mineral (e.g. Fe, 
Al, and Si for garnet) if the standard values analyzed as unknowns differed from standard book 
values by greater than one-tenth of a relative weight percent. Standard weight percentage values 
for major cations were found to be in disagreement with established book values across all 
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mineral groups (i.e. difference was greater than a tenth of a relative weight percent) thus data 
were corrected for this discrepancy as well as for instrument drift. A lack of book values for the 
pyroxene standard and Na diffusion leading to high totals in the albite standard (P. Horvath, 
personal communication) prevented complete correction of both pyroxene and plagioclase data 
sets.  
 Minimum weight percent oxide detection limits for less abundant oxides based on the 
data collected are TiO2=0.04, Cr2O3=0.05, MnO=0.05, K2O=0.01, BaO=0.04, ZnO=0.08, 
V2O5=0.04, NiO=0.05, Cl=0.01, and F=0.16. Precision determined by average standard deviation 
of secondary standard analyses is SiO2 ±0.36, Al2O3 ±0.12, MgO ±0.07, FeO ±0.34, MnO ±0.07, 
CaO ±0.04, Na2O ±0.06, K2O ±0.03, BaO ±0.02, TiO2 ±0.28, Cr2O3 ±0.01, and Cl ±0.01. 
 Garnet analyses were collected along rim-to-rim traverses across porphyroblasts. 
Analytical points along chemical traverses were generally spaced at least 50-60 micrometers 
apart. Remaining minerals were analyzed as inclusions in garnets and grains in the matrix. 
Typically, 2-3 matrix grains were analyzed with 3-6 analytical spots per grain. Analytical points 
were averaged to calculate individual grain compositions for grains that were found to be 
homogenous. The number of inclusion grains analyzed varied by sample based on inclusion 
availability. Altered mineral inclusions or inclusions whose chemistries were likely reset due to 
visible fracturing and/or embayment in garnet hosts were avoided.  
 Weight percent oxide data were normalized to atoms per formula unit (apfu) on the basis 
of the appropriate number of oxygens. Garnet was normalized on the basis of 12 oxygens, biotite 
on the basis 22 oxygens (where OH+F+Cl=4), pyroxene on the basis of 6 oxygens, amphibole on 
the basis on 23 oxygens, plagioclase feldspar on the basis of 8 oxygens, and ilmenite on the basis 
of 3 oxygens. Fe3+ in garnet, pyroxene, biotite, amphibole, and ilmenite was calculated on the 
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basis of charge balance and stoichiometry. Garnet, biotite, pyroxene, and plagioclase 
normalizations were carried out using excel spreadsheets developed by Darrell Henry. 
Amphibole data were normalized using a spreadsheet modified after Locock (2014) by Darrell 
Henry. Ilmenite data were normalized using the Ilmat spreadsheet developed by Lepage (2003).  
 Representative X-ray element maps of select garnet porphyroblasts analyzed chemically 
were generated via energy-dispersive spectrometry (EDS) for the four major cations in garnet: 
Mg, Fe, Mn, and Ca. Zoning patterns along garnet traverses in acquired WDS data were used to 
determine garnets optimally suited for X-ray mapping (i.e. showed zoning) due to the time-
intensive nature of producing element maps. Maps were generated with a 15kV accelerating 
voltage, 100nA beam current, and a 50ms dwell time.  
3.5. Chemical Geothermobarometry  
 Several geothermobarometers were utilized to calculate metamorphic PT conditions of 
analyzed samples. Thermometers include: Ti-in-biotite (TIB) (Henry et al. 2005), garnet-ilmenite 
(Pownceby et al. 1991), Ti-in-amphibole (TIA) (Femenias et al. 2006), garnet-biotite (Holdaway, 
2000), and amphibole-plagioclase (Holland and Blundy, 1994). Barometers include: garnet-
biotite-plagioclase-quartz (GBPQ) (Wu et al. 2004), garnet-biotite-aluminosilicate-quartz 
(GBAQ) (Wu, 2017), garnet-aluminosilicate-plagioclase (GASP) (Hodges and Crowley, 1985), 
garnet-amphibole-plagioclase-quartz (GAPQ) (Kohn and Spear, 1990), amphibole-plagioclase 
(Molina et al. 2015), and garnet barometry (Wu, 2019). Garnet-orthopyroxene Al-solubility 
geothermobarometry (Al-in-Opx) was used to calculate conditions of metamorphism for 
orthopyroxene-bearing granulite samples (Pattinson et al. 2003). 
 Titanium-in-biotite thermometry utilized the empirical calibration of Henry et al. (2005). 
TIB relies on the temperature- and composition-sensitive incorporation of Ti by biotite. This 
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thermometer is optimally suited for graphitic, peraluminous metapelite assemblages containing 
ilmenite or rutile whose pressures of equilibration were approximately 4-6 kbar. Required biotite 
compositions are XMg = 0.275-1.000 where XMg is Mg/(Mg+Fe) and Ti = 0.04-0.60 apfu where 
Ti is the number of atoms per formula unit. This calibration is valid over a range of 450-800°C 
with a precision of ±24°C that improves to ±12°C above 700°C. However, temperature 
information outside these criteria can be used as limiting values (D. Henry, personal 
communication). 
 Garnet-ilmenite thermometry calculations followed the experimental calibration of 
Pownceby et al. (1991). This calibration is suited for garnet-ilmenite bearing rocks that 
equilibrated in the upper-greenschist to upper-amphibolite facies range (i.e. 600-900°C and 2-5 
kbar). Garnet-ilmenite thermometry relies on the Fe-Mn exchange reaction between garnet and 
ilmenite (i.e. Fe3Al2Si3O12 + 3MnTiO3 = Mn3Al2Si3O12 + FeTiO3). Ideal compositions for use of 
this thermometer are 0.08 ≤ XMnGrt ≤0.37 where XMnGrt is Mn/(Mn+Fe+Ca) and 0.02 ≤ XMnIlm ≤0.10 
where XMnIlm is Mn/(Mn+Fe). The accuracy of this calibration is 30-50°C. 
 Ti-in-amphibole thermometry calculations employed the empirical calibration of 
Femenias et al. (2006) that relies on Ti solubility in calcic amphiboles. This thermometer is 
calibrated for calc-alkaline, Ti-saturated (i.e. ilmenite- or rutile-bearing) magmatic rocks with 
amphibole crystallization temperatures were >700°C. However, this thermometer can provide 
temperature constraints for high grade metamorphic rocks as well. Uncertainty ranges for this 
geothermometer are estimated to be ±15°C to ±55°C for temperatures ranging from 600°C to 
1000°C, respectively. 
 This study used the Holdaway (2000) experimental calibration for garnet-biotite 
thermometry calculations. This thermometer is best suited for medium-grade metapelitic rocks. 
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Temperatures are calculated based on Fe-Mg exchange between garnet and biotite (i.e. 
Fe3Al2Si3O12 + KMg3AlSi3O10(OH)2 = Mg3Al2Si3O12 + KFe3AlSi3O10(OH)2). The accuracy of 
this calibration is estimated to be ±25°C. 
 Amphibole-plagioclase thermometry followed the experimental calibration of Holland 
and Blundy (1994). This calibration is suitable for a wide-variety of bulk composition that 
equilibrated at 400-1000°C and 1-15 kbar. Temperatures were calculated via the reaction edenite 
and quartz to tremolite and albite (i.e. NaCa2Mg5Si4(AlSi3)O22(OH)2 + 4SiO2 = 
Ca2Mg5Si8O22(OH)2 + NaAlSi3O8). Assumed pressures of 6 kbar, 8 kbar, and 10 kbar were used 
to calculate temperatures. The accuracy of this thermometer is ±40°C. 
 GBPQ barometry calculations followed the empirical calibration of Wu et al. (2004) and 
is applicable to metapelites (with or without modal aluminosilicate) that equilibrated at 1.0-11.4 
kbar and 515-878°C. GBPQ barometry relies on two reactions: (1) pyrope, grossular, eastonite, 
and quartz reacting to form anorthite and phlogopite (i.e. Mg3Al2Si3O12 + 2Ca3Al2Si3O12 + 
3K(Mg2Al)(Si2Al2)O10(OH)2+6SiO2 = 6CaAl2Si2O8 + 3KMg3(AlSi3)O10(OH)2 and (2) 
almandine, grossular, siderophyllite, and quartz reacting to form anorthite and annite (i.e. 
Fe3Al2Si3O12 + 2Ca3Al2Si3O12 + 3K(Fe2Al)(Si2Al2)O10(OH)2+6SiO2 = 6CaAl2Si2O8 + 
3KFe3(AlSi3)O10(OH)2). This calibration requires that  compositions are XGrs > 3%, XAn > 17%, 
and XAlBt > 3% where XGrs is Grs/(Grs+Alm+Prp+Sps), XAn is An/(An+Ab+Or), and XAlBt is 
AlVI/(Fe2++Mg+AlVI+Ti). Pressures were calculated using temperature inputs from TIB 
thermometry and have an accuracy of ±1.2 kbar. 
 GBAQ thermometry calculations utilized the empirical calibration of Wu (2017). This 
barometer is calibrated for metapelites with modal aluminosilicates that equilibrated at 450-
950°C and 1-17 kbar. The Wu (2017) calibration relies on two net-transfer reactions: (1) 
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almandine, siderophyllite, and quartz to annite and aluminosilicate (i.e. Fe3Al2Si3O12 + 
3K(Fe2Al)(Si2Al2)O10(OH)2 + 4SiO2 = 3KFe3(AlSi3)O10(OH)2 + 4Al2SiO5) and (2) pyrope, 
eastonite, and quartz to phlogopite and aluminosilicate (i.e. Mg3Al2Si3O12 + 
3K(Mg2Al)(Si2Al2)O10(OH)2 + 4SiO2 = 3KMg3(AlSi3)O10(OH)2 + 4Al2SiO5). This calibration is 
well-suited for Ca-deficient metapelites whose garnet compositions are XCaGrt<0.3 where XCaGrt is 
CaGrt/(CaGrt+FeGrt+MgGrt+MnGrt) and plagioclase is either XCaPl  < 0.17, where XCaPl  is 
CaPl/(CaPl+NaPl+KPl), or absent from the assemblage. Calculated pressures assumed modal 
sillimanite and utilized TIB input temperatures. Accuracy of this barometer is estimated to be 
±1.8 kbar. 
 GASP barometry calculations utilized by this study were calibrated empirically by 
Hodges and Crowley (1985). GASP relies on the equilibria: grossular, aluminosilicate, and 
quartz to anorthite (i.e. Ca3Al2Si3O12 + 2Al2SiO5 + SiO2 = 3CaAl2Si2O8). This calibration 
requires modal aluminosilicate and a bulk composition that is not Ca-deficient. Pressures were 
calculated using temperature inputs from TIB thermometry and have an accuracy of ±1.0 kbar. 
 GAPQ barometry utilized the empirical calibration of Kohn and Spear (1990). This 
barometer is calibrated for a wide composition range of garnet-hornblende-plagioclase-quartz-
bearing assemblages that have experienced amphibolite to granulite facies metamorphism (i.e. 
equilibrated from 2.5 to 13.0 kbar and 500 to 800°C). The Kohn and Spear (1990) calibration 
relies on two end-member equilibria: (1) anorthite and tremolite to grossular, pyrope, 
tschermakite, and quartz (i.e. 6CaAl2Si2O8 + 3Ca2Mg5Si8O22(OH)2 = 2Ca3Al2Si3O12 + 
Mg3Al2Si3O12 + 3Ca2Mg4Al2Si7O22(OH)2 + 6SiO2) and (2) anorthite and ferro-actinolite to 
grossular, almandine, Fe-tschermakite, and quartz (i.e. 6CaAl2Si2O8 + 3Ca2Fe5Si8O22(OH)2 = 
2Ca3Al2Si3O12 + Fe3Al2Si3O12 + 3Ca2Fe4Al2Si7O22(OH)2 + 18SiO2). GAPQ requires amphibole 
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to contain greater than 1.5 cations Ca per 23 oxygens and 0.4-0.6 Fe/(Fe+Mg), garnet to contain 
less than 0.45 cations Mn per 12 oxygens, and plagioclase to contain between 0.15-0.70 cations 
Ca per 8 oxygens. Pressures were calculated using temperature inputs from Ti-in-amphibole 
thermometry and have an accuracy within ±0.5 kbar. 
 Amphibole-plagioclase barometry calculations followed the empirical calibration of 
Molina et al. (2015). This calibration is suited for plagioclase-amphibole-bearing igneous and 
metamorphic rocks that crystallized/equilibrated between 650 and 1050°C. Pressures are 
calculated on the basis of Al-Si partitioning between plagioclase and amphibole. Required 
compositions are An16-89, where An is An/(Ab+An) for plagioclase, and >0.02 apfu Ti and >0.05 
apfu Al for amphibole. Pressures were calculated using temperature inputs from Ti-in-amphibole 
thermometry and have an accuracy of ±1.5-2.3 kbar. 
 Garnet barometry calculations utilized the empirical calibration of Wu (2019). This 
geobarometer is calibrated for garnet-bearing metapelites that equilibrated at 430-895°C and 1-
15 kbar. Garnet barometry relies on a pressure-sensitive net-transfer reaction involving 
intracrystalline exchange of Fe2+ and Ca2+ in garnet: almandine and titanite to grossular, ilmenite, 
and quartz (i.e. Fe3Al2Si3O12 + 3CaTiSiO5 = Ca3Al2Si3O12 + 3FeTiO3 + 3SiO2). This pressure-
dependent reaction allows for along-traverse pressures to be calculated for garnet porphyroblast 
where an independent temperature estimate is also available. Compositional constraints for 
application of this geobarometer are XCa = 0.02-0.29 where XCa is Ca/(Ca+Fe+Mg+Mn) and XFe 
= 0.42-0.91 where XFe is Fe/(Fe+Ca+Mg+Mn). Pressures were calculated using temperature 
inputs from TIB thermometry and have an estimated error of ±1.3 kbar. 
 Garnet-orthopyroxene Al-solubility geothermobarometry utilized the calibration of 
Pattison et al. (2003). Al-in-Opx is calibrated for granulites containing orthopyroxene, garnet, 
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and plagioclase. This thermobarometer relies on three reaction equilibria: (1) almandine and 
enstatite to pyrope and ferrosilite (i.e. Fe3Al2Si3O12 + 3MgSiO3 = Mg3Al2Si3O12 + 3FeSiO3), (2) 
almandine to ferrosilite and Al2O3-in-ferrosilite (i.e. Fe3Al2Si3O12 = 3FeSiO3 + Al2O3), and (3) 
almandine, grossular, and quartz to anorthite and ferrosilite (i.e. 2Fe3Al2Si3O12 + Ca3Al2Si3O12 + 
3SiO2 = 3CaAl2Si2O8 + 6FeSiO3). Aluminum in the octahedral crystallographic site of 
orthopyroxene was calculated by dividing the atomic proportions of aluminum cations by two. If 
compositional data are available from cordierite and/or biotite, calculated pressures and 
temperatures can be corrected for late Fe-Mg exchange upon cooling. Error of calculated 
pressures and temperatures are estimated to be ±1 kbar and ±50°C, respectively. 
Chemistry data of non-quartz garnet mineral inclusions (e.g. biotite, plagioclase, 
amphibole, ilmenite) were used to calculate prograde inclusion entrapment conditions using the 
geothermobarometers described above. Inclusion thermometry temperatures were used to 
provide the prograde entrapment temperatures necessary to calculate unique entrapment 
conditions along calculated QuiG isomekes. Additionally, matrix mineral chemistry provided 
information regarding the peak metamorphic pressures and temperatures recorded by each 










CHAPTER IV. RESULTS 
4.1. Peraluminous Migmatites 
 4.1.1. Sample Petrography and CL Imagery 
 Nine peraluminous migmatite samples were examined in this study. Migmatites are 
termed “peraluminous” due to the high abundance of multiple high-Al phases in most samples 
(e.g. garnet, cordierite, and/or sillimanite) (Table 3). Observed matrix mineral assemblages 
typically consist of garnet (10-40%) + biotite (15-35%) + quartz (10-30%) + plagioclase (trace-
40%) ± cordierite (trace-35%) ± potassium feldspar (trace-35%) ± sillimanite (trace-20%) ± 
amphibole (trace-10%) ± kyanite (trace-5%). Trace minerals such as apatite, rutile, ilmenite, and 
monazite are common.  








Garnet porphyroblasts have a variable size (<1mm - >10mm), range from unfractured to 
highly fractured, and generally contain abundant mineral inclusions. In some samples, mineral 
inclusions are concentrated in the inner portions of garnet porphyroblasts (e.g. Fig. 8). Inclusion 
mineralogy is dominated by quartz with lesser amounts of biotite, plagioclase, sillimanite, zircon, 
monazite, and oxide minerals (e.g. ilmenite, rutile, and magnetite). Quartz inclusions are 
generally spherical to ovoid and range in size from <10µm to >50µm. Garnet porphyroblasts are 
partially reacted given embayed porphyroblasts in multiple samples.  
 
Figure 8. PPL photomicrographs of garnet porphyroblasts from peraluminous migmatite sample 
HP 82-64 that show inclusion-rich cores and inclusion-poor rims. 
 
 In many samples, biotite clusters around garnet porphyroblasts and also exists along 
garnet fractures. Alignment of biotite matrix grains can be observed in some samples. Quartz and 
feldspars are typically in leucosomes intercalated with melanosome material (e.g. biotite and 
garnet; Fig. 9). Feldspars are typically dominated by plagioclase, although potassium-feldspar is 
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the dominant felspar in some samples (e.g. sample QC 82-60), that range in degree of alteration 
to sericite. Cordierite consists of moderately to highly pinitized and fractured porphyroblasts in 
the matrix. Amphibole is only in select migmatite samples (e.g. sample WC 81-1) and is 
typically intergrown with biotite in the matrix.  
 
Figure 9. Hand sample photo of sample QC 82-60 showing leucosome material intercalated with 
melanosome material typical of migmatite samples. 
 
 Sillimanite grains are present in two morphologies: a fibrolitic variety and non-fibrolitic 
variety, both of which are typically within biotite clusters that surround garnet porphyroblasts. 
This distinction between sillimanite morphologies is best observed in CL imagery due to the 
ember-red CL response of sillimanite (e.g. Fig. 10). Kyanite, if present, is scarce and available 
grains are fractured and partially reacted away. Alteration assemblages include biotite to chlorite, 




Figure 10. PPL (left) vs CL (right) photomicrographs from sample QC 02-42 showing fibrolitic 
versus non-fibrolitic sillimanite in biotite clusters. 
 
 4.1.2. Mineral Chemistry 
  4.1.2.1. Garnet 
 Generally, migmatite garnets are high in almandine component (i.e. Alm65-75), unzoned to 
weakly zoned, and typically display inverse Fe-Mg rim relations. In addition to elevated 
almandine component, the four migmatite garnets analyzed display elevated pyrope component 
relative to grossular component (i.e. Pyr20-25 and Grs5-10) with the exception of sample WC 81-1 
(Figure 11). Spessartine component for examined migmatite garnets are consistently low (i.e. 
Sps3-7). 
 Chemical traverses were collected in each of the four peraluminous migmatite samples 
examined (samples HP 82-88B, WC 81-1, HP 82-63, QC 02-42) (Appendix B). A traverse from 
a euhedral, unzoned garnet shows Fe-Mg exchange on the rim with a core composition of 
(Fe2+1.93Mg0.85Ca0.13Mn0.05)Al1.99Si3O12 and a rim composition of 
(Fe2+2.18Mg0.65Ca0.11Mn0.06)Al1.99Si3O12 (sample HP 82-88B, Fig. 12). The corresponding X-ray 




Figure 11. Average Fe-Mg-Ca endmember ternary compositions for peraluminous migmatite 
garnet porphyroblasts analyzed via EMPA. 
 
 A traverse from an embayed garnet porphyroblast without a core-to-rim compositional 
difference has an average composition of (Fe2+2.01Ca0.48Mg0.37Mn0.12)(Al1.96Fe3+0.03)Si2.99O12 
(sample WC 81-1). A traverse from a similarly embayed garnet displays minor core-to-rim 
zoning with a core composition of (Fe2+2.24Mg0.62Ca0.07Mn0.07)Al1.98Si3O12 and a rim composition 
of (Fe2+2.20Mg0.64Ca0.07Mn0.06)Al1.99Si3O12 (sample HP 82-63). Another migmatite garnet traverse 
displays minor Fe-Mg exchange on the rims with a core composition of 
(Fe2+2.08Mg0.75Mn0.08Ca0.08)Al1.98(Si2.98 Al0.02)O12 and a rim composition of 




Figure 12. BSE image of a garnet porphyroblast in sample HP 82-88B showing analytical points 
(top). Garnet compositional traverse of the porphyroblast shows minor Fe-Mg rim exchange at 




Figure 13. Fe, Mg, Ca, Mn X-ray element maps of a garnet porphyroblast in sample HP 82-88B 
with the associated compositional traverse marked (scale bar is 500µm for each map). 
 
  4.1.2.2. Biotite 
 Biotite chemical data were collected in each of the four peraluminous migmatite samples 
for matrix biotite grains and biotite inclusions in garnet (Appendix C). Biotite compositions in 
migmatite samples are XMg 0.41-0.73 and Ti 0.19-0.58 apfu. Average structural formulae for 
biotite matrix and inclusion grains are 




respectively. Biotite inclusions in migmatite garnets typically display elevated XMg and Ti values 
relative to matrix biotite grains in migmatite samples (Fig. 14). 
 
Figure 14. Ti content versus XMg for peraluminous migmatite biotite matrix (circles) and 
inclusion (triangles) grains. 
 
  4.1.2.3. Plagioclase 
 Chemical data from plagioclase matrix grains were collected in each migmatite sample 
(Appendix D). Grains from migmatite samples are generally unzoned and have the average 
compositions (Na0.68Ca0.32)(Si2.67Al1.33)O8 (sample HP 82-88B), (Na0.51Ca0.47K0.01)(Si2.51Al1.50)O8 
(sample WC 81-1), (Na0.74Ca0.25K0.01)(Si2.75Al1.25)O8 (sample HP 82-63), and 
(Na0.77Ca0.21)(Si2.79Al1.21)O8 (sample QC 02-42). 
  4.1.2.4. Amphibole 
 Chemical data were collected from amphibole matrix grains and amphibole inclusions in 
garnet in one peraluminous migmatite sample (sample WC-81-1) (Appendix E). Amphibole 
matrix grains are unzoned to weakly zoned and are classified as ferro-ferri-hornblendes to 
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magnesioferrihornblendes. The average composition of matrix grains is XMg 0.47-0.48 and Si 
6.31-6.35 apfu. Amphibole inclusions in garnet are unzoned and are classified as magnesio-ferri-
hornblendes. The average inclusion grain composition is XMg 0.55 and Si 6.35 apfu. 
  4.1.2.5. Ilmenite 
 Chemical data from ilmenite grains in the matrix and inclusion grains in garnet were 
collected where available in migmatite samples (Appendix F). Ilmenite grains generally display 
fine exsolution lamellae of hematite with varying degrees of alteration to leucoxene (e.g. Fig 15).  
 
Figure 15. BSE image of an ilmenite grain showing patchy leucoxene alteration (labeled “Rutile 
and Hematite”).  
 
 Compositional ranges for analyzed matrix grains are Fe3+/Fetot. 0.03-0.16 and 
ilmenite98.97-99.26 pyrophanite0.67-1.03 geikielite0.00-0.11 (sample QC 02-42). Compositional ranges 
for analyzed inclusion grains are Fe3+/Fetot. 0.02-0.06 and ilmenite94.28-98.38 geikielite1.31-5.47 






 4.1.3. Chemical Geothermobarometry  
 Several geothermobarometers were applied to migmatite samples to calculate pressures 
and temperatures recorded by inclusion and matrix minerals (Table 4).  
Table 4. Geothermobarometry calculation results for peraluminous migmatite samples.  
 
 Generally, temperatures recorded by inclusions of biotite and/or amphibole are between 
~690 and 780°C whereas matrix temperatures have a similar range between ~600 and 785°C 
(Fig. 16). Calculated pressures from both inclusion/traverse and matrix barometry fall into two 
groupings (disregarding pressure estimates lower than 4 kbar): ~4-7 kbar and 10.50-11.50 kbar. 
Compositional constraints for each geothermobarometer are generally met by samples with the 
exception of sample WC 81-1, which does not contain aluminosilicates, a requirement for both 




Figure 16. Inclusion (triangles) versus matrix (circles) thermometry results for migmatite 
samples. Solid error bars indicate TIB thermometry temperatures (±24°C) and dotted error bars 
indicate TIA thermometry temperatures (±55°C). Data are from grains with highest Ti-content. 
 
4.2. Garnet-Biotite Gneisses 
 4.2.1. Sample Petrography and CL Imagery 
 Six garnet-biotite gneiss samples were examined in this investigation. Observed mineral 
assemblages typically consist of plagioclase (25-45%) + biotite (15-40%) + quartz (10-40%) 
+ garnet (15-35%) ± potassium feldspar (trace-5%) ± hornblende (trace-5%) (Table 5). Trace 
minerals such as sillimanite, apatite, zircon, ilmenite, rutile, and monazite are common.  
Garnet porphyroblasts have a variable size range (<1mm - >10mm), are unfractured to 
highly fractured, and contain abundant mineral inclusions. In some samples, garnet mineral 
inclusions are concentrated in the inner portions of porphyroblasts and have inclusion-deficient 
outer portions of garnet hosts (e.g. Fig. 17). Quartz comprises the majority of mineral inclusions 
with lesser amounts of biotite, plagioclase, zircon, monazite, and oxide minerals (e.g. ilmenite, 
rutile, and magnetite). Quartz inclusions are spherical to ovoid and range in size from <10µm to 
>50µm. Garnets are generally less embayed relative to porphyroblasts in migmatite samples.  
39 
 




Figure 17. PPL photomicrograph of a garnet porphyroblast from sample QC 82-24a showing an 
inclusion-rich core and an inclusion-poor rim. 
 
 Feldspar and quartz dominate the matrix assemblage in gneiss samples. Plagioclase is the 
main feldspar present and grains range in degree of sericitization. Biotite typically clusters 
around garnet porphyroblast rims and can also exist along garnet fractures (e.g. Fig. 18). An 
alignment of elongate matrix biotite grains is generally observed. Additionally, compositional 
layering of biotite-rich and biotite-poor areas can be observed. Alterations include biotite to 




Figure 18. PPL photomicrograph of a garnet porphyroblast from sample QC 82-24a showing a 
garnet porphyroblast rimmed with biotite typical of gneiss samples. 
 
 4.2.2. Mineral Chemistry 
  4.2.2.1. Garnet 
 Gneiss garnets generally have a high almandine component of Alm65-77. In addition to Fe-
Mg exchange at rims, garnet traverses from garnet-biotite gneiss samples show more distinctive 
compositional zoning relative to migmatite garnet traverses. Garnets analyzed typically display 
comparable pyrope and grossular components with pyrope being slightly higher (i.e. Pyr10-20 and 




Figure 19. Average Fe-Mg-Ca endmember ternary compositions for garnet-biotite gneiss garnet 
porphyroblasts analyzed via EMPA.  
 
 Chemical traverses of garnet porphyroblasts were collected among the three garnet-
biotite gneiss samples examined (samples 10-QCP-728-09, QC 81-20, and QC 82-24a) 
(Appendix B). A traverse from a subhedral garnet displays three distinct compositional zones 
that are (going from rim to core): (Fe2+2.07Mg0.54Ca0.31Mn0.08)(Al1.98Fe3+0.02)Si3O12, 
(Fe2+2.00Mg0.45Ca0.41Mn0.10)(Al1.99)Si3O12, and (Fe2+2.19Ca0.37Mg0.32Mn0.12)(Al1.95Fe3+0.02)Si3O12 
(sample 10-QCP-728-09, Fig. 20). The corresponding X-rays maps of this garnet porphyroblast 
illustrate these distinct compositional zones (Fig. 21). A traverse from a similarly embayed 
garnet also displays a compositional change from core to rim with a core composition of 
(Fe2+2.04Mg0.50Ca0.38Mn0.08)(Al1.97Fe3+0.03)Si2.99O12 and a rim composition of 




Figure 20. BSE image of a garnet porphyroblast in sample 10-QCP-728-09 showing analytical 
points (top). Garnet compositional traverse of the porphyroblast shows moderate zoning among 




Figure 21. Fe, Mg, Ca, Mn X-ray element maps of a garnet porphyroblast in sample 10-QCP-
728-09 with the associated compositional traverse marked (scale bar is 1mm for each map). 
 
 The remaining garnet traverse is from a euhedral garnet with a relatively flat 
compositional profile and slight Fe-Mg exchange at the rims with a core composition of 
(Fe2+2.23Mg0.41Ca0.22Mn0.14)Al1.98Si3O12 and a rim composition of 










  4.2.2.2. Biotite 
 Biotite chemical data were collected in each of the three garnet-biotite gneiss samples for 
matrix biotite grains and biotite inclusions in garnet (Appendix C). Biotite compositions in 
gneiss samples are XMg 0.35-0.57 and Ti 0.33-0.55 apfu. Average structural formulae for biotite 
matrix and inclusion grains are 
(K1.81□0.14Na0.03Ba0.01)(Mg2.56Fe2+2.38Al0.45Ti0.35□0.25Cr0.01)(Si5.47Al2.53)O20((OH)3.92F0.06Cl0.03) and  
(K1.90□0.18Na0.03Ba0.01)(Fe2+2.56Mg2.46Ti0.45Al0.23□0.29)(Si5.50Al2.50)O20((OH)3.92F0.05Cl0.03), 
respectively. Biotite inclusions in gneiss garnets typically display lower Ti contents relative to 
matrix biotite grains whereas XMg relationships between inclusion and matrix biotite grains vary 
(Fig. 22).  
 









  4.2.2.3. Plagioclase 
 Chemical data from plagioclase matrix grains as well as inclusion grains in garnet (where 
available) were collected in each gneiss sample (Appendix D). Matrix plagioclase grains from 
gneiss samples are generally unzoned and have the average compositions 
(Na0.53Ca0.46K0.01)(Si2.53Al1.47)O8 (sample 10-QCP-728-09), (Na0.54Ca0.45K0.01)(Si2.54Al1.47)O8 
(sample QC 81-20), and (Na0.62Ca0.38K0.01)(Si2.61Al1.38)O8 (sample QC 82-24a). Analysis of 
unzoned plagioclase inclusion grains from sample QC 81-20 shows a composition of 
(Na0.55Ca0.43K0.01)(Si2.54Al1.46)O8 that is similar to matrix plagioclase grain compositions. 
 4.2.3. Chemical Geothermobarometry  
 Multiple geothermobarometers were utilized to calculate pressures and temperatures 
recorded by inclusion and matrix minerals in gneiss samples (Table 6).  





Figure 23. Inclusion (triangles) versus matrix (circles) TIB thermometry results for garnet-biotite 
gneiss samples. Error Bars represent ±24°C precision. Data are from grains with highest Ti-
content. 
 
 TIB thermometry temperatures are ~700-765°C for inclusion biotite grains and ~700-
735°C for matrix biotite grains (Fig. 23). Pressure calculations vary widely between 5 and 10 
kbar, depending on the geobarometer. Generally, GBPQ and GBAQ calculations predict lower 
pressures (~5-7 kbar) than garnet and GASP barometers (~8-10 kbar) for both inclusion/traverse 
and matrix calculations. Samples met calibration constraints of applied thermobaromters with the 
exception GBAQ and GASP barometers due to a lack of aluminosilicates in most samples.      
4.3. Iron Formations 
 4.3.1. Sample Petrography and CL Imagery 
 Two iron formation samples were examined in this study. The characteristic mineral 
assemblage of iron formation samples is garnet (20-35%) + orthopyroxene (25-30%) + quartz 
(20-25%) + magnetite (15-30%) ± biotite (trace-5%) (Table 7). Clinopyroxene, hornblende, 
apatite, and zircon in addition to opaque minerals such as pyrite, pyrrhotite, and lesser amounts 
of rutile and ilmenite are common trace minerals.  
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Of the two samples studied, one contains well-formed garnets that are small (i.e. 
<1.5mm) and rarely fractured while the other sample contains significantly larger garnets (i.e. 
>4mm) that are extensively fractured and embayed. In the former case, garnet mineral inclusions 
are concentrated in the inner portions of porphyroblasts resulting in inclusion-deficient outer 
portions of garnet hosts (e.g. Fig. 24).  
Table 7. Primary mineralogy of each iron formation sample analyzed in this investigation. 
 
 
Figure 24. PPL photomicrographs of garnet porphyroblasts from iron formation sample HP 81-
82 that show inclusion-rich cores and inclusion-poor rims. 
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 Garnet inclusions in both samples predominantly consist of oxide minerals (e.g. 
magnetite and ilmenite) and quartz in roughly equal amounts. Quartz inclusions are generally 
<30-40µm and range in shape from spherical/ovoid to elongate and blebby.  
 Iron formation samples generally exhibit even modal proportions of garnet, pyroxene, 
and quartz in the matrix with lesser amounts magnetite (Fig. 25). The blue-violet CL response of 
quartz allows for matrix and inclusion grains of quartz as well as other non-quartz inclusions 
(e.g. yellow apatite) to be identified with ease relative to non-luminescent garnet, pyroxene, and 
opaque grains. Pyroxenes generally follow the garnet morphological patterns outlined above and 
likewise contain mineral inclusions of quartz and opaques. 
 
Figure 25. PPL (left) vs CL (right) photomicrographs from HP 81-82 showing modal proportions 
of garnet, quartz, orthopyroxene, and garnet typical of iron formation samples. 
 
 Matrix quartz grains are typically anhedral and commonly contain fluid inclusions. 
Alterations typically include chloritization of pyroxene and amphibole grains. Additionally, 
carbonate minerals are common along both grain boundaries and sample fractures that likely 






 4.3.2. Mineral Chemistry 
  4.3.2.1. Garnet 
 The iron formation sample, sample HP 81-82, displayed an average garnet composition 
high in almandine component (i.e Alm80) (Fig 26). The associated chemical traverse was 
performed on a euhedral garnet porphyroblast that displayed a nearly flat compositional profile 
with an average composition of (Fe2+2.35Mg0.40Mn0.12Ca0.12)(Al1.97Fe3+0.01)Si2.99O12 (Sample HP 
81-82, Fig. 27) (Appendix B).  
 
Figure 26. Average Fe-Mg-Ca endmember ternary composition for a garnet porphyroblast 




Figure 27. BSE image of a garnet porphyroblast in sample HP 81-82 showing analytical points 




  4.3.2.2. Biotite 
 Biotite chemical data were collected for matrix biotite grains and biotite inclusions in 
garnet from sample HP 81-82 (Appendix C). Biotite analyses have low totals after the data were 
corrected with nearly all hydrous totals being 97-98 wt%. The biotite compositional range is XMg 
0.35-0.38 and Ti 0.45-0.55 apfu. Average structural formulae for biotite matrix and inclusion 
grains are (K1.81□0.18Na0.01)(Fe2+3.25Mg1.92Ti0.50□0.21Al0.12Mn0.01)(Si5.47Al2.53)O20((OH)3.92Cl0.03) 
and  (K1.83Na0.01)(Fe2+3.29Mg1.98Ti0.47Al0.08Mn0.01Cr0.01)(Si5.44Al2.56)O20((OH)3.91Cl0.03), 
respectively. Ti and XMg content between matrix and inclusion biotite grains are show little 
variation for sample HP 81-82 (Fig. 28). 
 
Figure 28. Ti content versus XMg of iron formation sample HP 81-82 for biotite matrix (circles) 










  4.3.2.3. Ilmenite 
 Chemical data from ilmenite grains in the matrix were collected from sample HP 81-82 
(Appendix F). Ilmenite grains generally display fine exsolution lamellae of hematite with 
varying degrees of alteration to leucoxene. Compositional ranges for analyzed grains are 
Fe3+/Fetot. 0.01-0.12 and ilmenite96.72-97.93 pyrophanite1.79-2.78 geikielite0.21-0.61.  
  4.3.2.4. Pyroxene  
 Chemical data were collected from orthopyroxene grains in the matrix from sample HP 
81-82 (Appendix G). The average orthopyroxene grain composition is ferrosilite58.22 enstatite41.57 
wollastonite0.20. 
 4.3.3. Chemical Geothermobarometry  
 Pressures and temperatures were calculated using multiple thermobarometers for iron 
formation sample HP 81-82 (Table 8).  





 TIB thermometry for inclusion and matrix biotite grains yield overlapping temperature 
ranges of 708-711°C (inclusion grains) and 708-719°C (matrix grains) (Fig. 29). Garnet 
barometry calculations yield along-traverse pressures of 4.82-4.92 kbar and matrix pressures of 
4.99-5.18 kbar. GBAQ barometry was employed despite a lack of aluminosilicate minerals in the 
sample and predicted GBAQ pressures are 0.5-1.0 kbar higher relative to garnet barometry 
pressures.  
 
Figure 29. Inclusion (triangles) versus matrix (circles) TIB thermometry results for iron 
formation sample HP 81-82. Error Bars represent ±24°C precision. Data are from grains with 
highest Ti-content. 
 
4.4. Mafic Granulites 
 4.4.1. Sample Petrography and CL Imagery 
 Granulite samples are termed “mafic” due to the abundance of ferro-magnesian minerals 
in the two samples studied (e.g. pyroxene and amphiboles). Observed mineral assemblages 
consist of hornblende (25-30%) + plagioclase (20-25%) + orthopyroxene (15-20%) + quartz (15-
20%) + garnet (10-15%) + magnetite (5-10%) ± biotite (trace-5%) (Table 9). Trace amounts of 





Table 9. Primary mineralogy of each granulite sample analyzed in this investigation. 
 
Garnet grains are generally <5mm, typically display extensive fracturing, are all typically 
highly embayed, and can be observed atop preexisting matrix material (e.g. Fig. 30). Inclusions 
largely consist of quartz with lesser amounts of magnetite, ilmenite, plagioclase, and biotite. 
Quartz inclusions are <30-40µm in size and typically display a blebby morphology.   
 
Figure 30. PPL photomicrograph of a garnet porphyroblast from sample QC 82-4a showing 





Figure 31. Hand sample photo showing the compositional layering typical of mafic granulite 
samples (sample QC 81-38). 
 
 Samples show strong compositional layering between garnet-pyroxene-rich layers and 
hornblende-rich layers that are typically separated by quartz veins (e.g. Fig 31). Additionally, 
elongate amphibole and biotite grains display a weak lineation. While pyroxene and hornblende 
are in both compositional layers, garnet is not within hornblende layers. Both pyroxene and 
hornblende typically display diffuse grain boundaries, but in general, hornblende grains are more 
well-formed than pyroxene grains. Plagioclase exhibits a distinct CL response in both 
compositional layers, grains from the hornblende layer typically display a neon-yellow CL 
response and are heterogeneous whereas grains in the garnet-pyroxene layer display a light-red 




Figure 32. PPL (left) vs CL (right) photomicrographs from sample QC 81-38 showing the 
difference in plagioclase CL response between compositional layers in mafic granulite samples. 
 
 Blocky magnetite grains are typically located on rims and in fractures of garnet, 
pyroxene, and amphibole grains. Biotite exists sparsely throughout garnet-pyroxene layers and 
along veining quartz material. Alterations include pyroxene and amphibole to chlorite, 
plagioclase to both sericite and calcite, and oxide minerals on grain boundaries and fractures. 
 4.4.2. Mineral Chemistry 
  4.4.2.1. Garnet 
 Granulite garnets are high in almandine component (i.e. Alm65-70) and show little core-to-
rim compositional variations with slight Fe-Mg exchange at the rims. In addition to elevated 
almandine component, granulite garnets are higher in pyrope component relative to grossular 
(i.e. Pyr15-25 and Grs10-15) (Fig. 33). Spessartine component for examined granulite garnets are 
low (i.e. Sps3-5).  
 Garnet chemical traverses were collected from both mafic granulite samples examined 
(samples QC 82-4a and QC 81-38) (Appendix B). A traverse from an embayed porphyroblast 
shows minor Fe-Mg exchange on the rims with a core composition of 
(Fe2+2.01Mg0.49Ca0.43Mn0.07)(Al1.97Fe3+0.03)Si3O12 and a rim composition of 




Figure 33. Average Fe-Mg-Ca endmember ternary compositions for mafic granulite garnet 
porphyroblasts analyzed via EMPA.  
 
 The corresponding X-ray maps of this garnet porphyroblast show no compositional 
zoning (Fig. 35). A traverse from a similarly embayed porphyroblast has a core-to-rim 
compositional profile that is relatively more flat with a core composition of 
(Fe2+2.02Mg0.47Ca0.43Mn0.08)(Al1.97Fe3+0.03)Si3O12 and a rim composition of 




Figure 34. BSE image of a garnet porphyroblast in sample QC 82-4a showing analytical points 





Figure 35. Fe, Mg, Ca, Mn X-ray element maps of a garnet porphyroblast in sample QC 82-4a 
with the associated compositional traverse marked (scale bar is 500µm for each map). 
 
  4.4.2.2. Biotite 
 Biotite chemical data were collected from mafic granulite sample QC 82-4a for matrix 
biotite grains (Appendix C). Biotite grain compositional range is XMg 0.46-0.50 and Ti 0.48-0.49 
apfu (Fig. 36). The average structural formula for biotite matrix grains is 





Figure 36. Ti content versus XMg of mafic granulite sample QC 82-4a for biotite matrix grains. 
 
  4.4.2.3. Plagioclase 
 Chemical data from plagioclase matrix grains as well as inclusion grains in garnet (where 
available) were collected in both granulite samples (Appendix D). Matrix plagioclase grains 
located in hornblende layers show patchy zoning whereas garnet-pyroxene layer plagioclase 
grains do not. Garnet-orthopyroxene layer plagioclase grain compositions are 
(Ca0.51Na0.48K0.01)(Si2.48Al1.53)O8 (sample QC 82-4a) and (Ca0.76Na0.23)(Si2.22Al1.77)O8 (sample 
QC 81-38). Hornblende layer plagioclase grain compositions are 
(Ca0.60Na0.39K0.01)(Si2.39Al1.62)O8 (core; sample QC 82-4a), (Ca0.80Na0.19)(Si2.18Al1.83)O8 (rim; 
sample QC 82-4a), (Ca0.79Na0.22)(Si2.21Al1.79)O8 (core; sample QC 81-38), and 
(Ca0.66Na0.34)(Si2.34Al1.66)O8 (rim; sample QC 81-38). Analysis of unzoned plagioclase inclusions 
in garnet from sample QC 81-38 have an average composition of (Ca0.77Na0.23)(Si2.22Al1.77)O8 
and is similar to matrix plagioclase grain compositions. Generally, plagioclase core and rim An 




Figure 37. An content of plagioclase grains in mafic granulite samples (squares represent rim 
points, diamonds represent core points, and circles represent inclusion average An content). 
 
  4.4.2.4. Amphibole 
 Chemical data were collected from amphibole matrix grains located in both hornblende 
and garnet-orthopyroxene layers in mafic granulite samples (Appendix E). Hornblende layer 
grains show patchy zoning and fine exsolution lamellae of another amphibole whose endmember 
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composition is unclear (e.g. Fig. 38) whereas garnet-orthopyroxene layer grains generally do not 
exhibit either textural characteristic. 
 
Figure 38. BSE image of amphibole grains in a hornblende layer from sample QC 81-38 showing 
exsolution lamellae. 
 
 Hornblende layer amphibole grains are classified as ferri-tschermakites and magnesio-
ferri-hornblendes. Average matrix grain compositional ranges are XMg 0.57-0.61 and Si 6.41-
6.43 apfu (sample QC 82-4a) and XMg 0.58-0.59 and Si 6.46-6.48 apfu (sample QC 81-38). 
Orthopyroxene-garnet layer amphibole grains are classified as magnesio-ferri-hornblendes. 
Average matrix grain composition is XMg 0.57 and Si 6.41 apfu (sample QC 81-38). 
  4.4.2.5. Ilmenite 
 Chemical data from matrix ilmenite grains located in both compositional layers as well as 
inclusion grains in garnet were collected in granulite samples (Appendix F). Ilmenite grains 
typically display fine exsolution lamellae of hematite with patchy alterations of leucoxene. 
Compositional ranges for analyzed hornblende layer grains are Fe3+/Fetot. 0.06-0.22 and 
ilmenite96.74-97.51 geikielite1.43-2.00 pyrophanite0.96-1.21 (sample QC 81-38). Compositional ranges 
for analyzed orthopyroxene-garnet layer grains are Fe3+/Fetot. 0.05-0.11 and ilmenite98.68-98.88 
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geikielite0.58-0.69 pyrophanite0.54-0.64 (sample QC 82-4a) and Fe3+/Fetot. 0.18-0.27 and ilmenite97.67-
97.68 geikielite1.41-1.60 pyrophanite0.73-0.81 (sample QC 81-38). Compositional ranges for analyzed 
inclusion grains are Fe3+/Fetot. 0.10-0.18 and ilmenite97.30-98.29 geikielite1.21-2.26 pyrophanite0.44-0.54 
(QC 82-4a). 
  4.4.2.6. Pyroxene  
 Chemical data were collected from mafic granulite orthopyroxene matrix grains located 
in both compositional layers (Appendix G). The average orthopyroxene grain compositions of 
orthopyroxene-garnet layer matrix grains are ferrosilite51.79 enstatite47.59 wollastonite0.61 (sample 
QC 82-4a) and ferrosilite52.35 enstatite46.96 wollastonite0.69 (sample QC 81-38). The average 
orthopyroxene grain compositions of hornblende layer matrix grains are ferrosilite51.83 
enstatite47.47 wollastonite0.69 (sample QC 82-4a) and ferrosilite50.81 enstatite48.46 wollastonite0.74 
(sample QC 81-38).   
 4.4.3. Chemical Geothermobarometry  
 Several geothermobarometers were applied to granulite samples in order to calculate 
pressures and temperatures recorded by inclusion and matrix minerals (Table 10). Pressures and 
temperatures relying on plagioclase-amphibole equilibria presented in Table 10 are from 
hornblende and plagioclase grains contained in orthopyroxene-garnet layers due to the 








Table 10. Geothermobarometry calculation results for mafic granulite samples. 
 





 Amphibole-plagioclase thermometry temperatures from plagioclase inclusions in garnet 
are ~850-940°C at an assumed pressure of 10 kbar (sample QC 81-38; Fig. 39). Al-in-
orthopyroxene thermobarometry indicates matrix conditions of 724-727°C and 9.53-9.71 kbar 
(sample QC 82-4a) and 698-705°C and 6.30-6.64 kbar (sample QC 81-38) (biotite data were not 
available for sample QC 81-38 to correct for late Fe-Mg exchange in calculations).  
 
Figure 39. Inclusion (triangles) versus matrix (circles) amphibole-plagioclase thermometry 
results for mafic granulite samples at an assumed pressure of 10 kbar. Error Bars represent 
±40°C precision. Data shown are averaged temperatures. 
 
 Al-in-Opx temperatures are generally in agreement with matrix temperatures from other 
thermometery calculations with the exception of hornblende-plagioclase thermometry 
temperatures for sample QC 81-38 that are 150-200°C higher than Al-in-Opx temperatures. 
Pressure estimates vary considerably among barometers with respect to Al-in-Opx calculated 
pressures. Ignoring pressures lower than 4 kbar, calculated pressures from other geobarometers 
fall in to two ranges for both inclusion/traverse and matrix calculations: 4-6 kbar and ~8.5-11.0 





4.5. Raman Shifts 
 Quartz mineral inclusion Raman shifts were measured in multiple garnet hosts for each 
sample. The quality of garnet hosts (i.e. degree of fracturing and alteration) and abundance of 
quartz inclusions varied independent of lithology. Approximately 410 quartz inclusions were 
measured among the 19 samples examined during Raman spectroscopic analyses. Quartz 
inclusions were spherical to ovoid with the exception of granulite quartz inclusions that were 
generally elongate to blebby (samples QC 82-4a and QC 81-38). From the quartz inclusions 
measured, nearly 190 displayed positive Raman peak shifts. An average of 9-10 inclusions with 
positive peak shifts were found out of the 20-30 inclusions measured per sample (Table 12). 
Raman shifts were observed in inclusions that were at least 12-15µm in diameter (e.g. Fig. 40).   





Figure 40. Transmitted light photos showing examples of quartz-in-garnet inclusions that are 
optimally shaped for QuiG analyses. 
 
 Positions of the three matrix quartz peaks varied by sample throughout the analytical 
period, highlighting the importance of measuring peak shifts of quartz inclusions relative to 
matrix quartz on a sample-by-sample basis (Table 13). The average position of the 128 cm-1, 206 
cm-1, and 464 cm-1 peaks for matrix quartz were 126.5 cm-1, 205.3 cm-1, and 463.1 cm-1, 
respectively. Inclusions that displayed negative peak shifts relative to matrix peak positions (i.e. 
were shifted to the left of matrix quartz peaks) were typically located proximally to fractures or 
within extensively altered garnet hosts. Entrapment isomekes could not be calculated from 
inclusion Raman spectra that displayed either negative Raman peak shifts or no Raman spectral 






Table 13. Positions of the main Raman spectral peaks of matrix quartz by sample. 
 
 Maximum observed Pinc st. entrapment isomekes calculated for inclusions that met strain 
anisotropy criteria (i.e. A is between -2.0x10-3 and 2.0x10-3) for each sample organized by 
lithology are shown in Figure 41. Pinc values did not vary systematically from core to rim in any 
of the garnets whose inclusions were measured via Raman spectroscopy. Differences between     
Pinc st..and Pinc hydr. varied widely throughout analyses (Fig. 42). Given the non-zero elastic 
anisotropy values of measured quartz inclusions (Fig. 43), only Pinc st. values are considered 
further as they account for the elastic anisotropy of quartz inclusions. Raman spectral shifts for 
each sample, calculated pressures for both Pinc calculation methods, and inclusion elastic 




Figure 41. Entrapment isomekes for maximum Pinc st. values for inclusions that met anisotropy 
criteria organized by lithology. 
 
 
Figure 42. Absolute value of the difference between the two Pinc calculation methods (i.e. strain 




Figure 43. Elastic anisotropy values for inclusion strains measured via Raman spectroscopy 
relative to anisotropy criteria. 
 
 4.5.1. Migmatite Isomekes Relative to Chemical Geothermobarometry 
 The highest residual pressures of quartz inclusions in migmatite samples analyzed for 
chemistry whose inclusion strains met anisotropy criteria are between 0.62 and 0.81 kbar 
(Appendix H). The only measurable residual pressure from sample WC81-1 is 3.39 kbar, 
however the strain anisotropy value for the inclusion did not fall within permissible limits (i.e. 
A=-8.22x10-3). Ignoring the WC 81-1 outlier whose predicted entrapment range is 14.00-14.75 
kbar, inclusion thermometry constraints, largely from TIB thermometry, correspond to quartz 
inclusion entrapment pressures of 9.75-11.50 kbar along migmatite isomekes (Fig. 44).  
 Entrapment pressures predicted by QuiG barometry are generally at least 4-5 kbar higher 
than pressures calculated from inclusion and/or garnet traverse chemical geobarometry and 3-5 
kbar higher than pressures from matrix grain barometry. Entrapment temperatures indicated 
along isomekes are generally higher than matrix temperatures calculated by this study, but are 
lower than matrix temperatures calculated by Maas (2004). 
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 4.5.2. Gneiss Isomekes Relative to Chemical Geothermobarometry 
 The highest residual pressures from gneiss samples analyzed chemically whose inclusion 
strains met anisotropy criteria range from 0.54 to 0.62 kbar (Appendix H). TIB inclusion 
temperatures correspond to entrapment pressures of 9.0-11.5 kbar along isomekes for gneiss 
samples (Fig. 45). These pressures are typically within 1-3 kbar of the upper pressures predicted 
by inclusion/traverse and matrix geobarometry. Entrapment isomeke temperatures agree with the 
range of matrix temperatures calculated by this study, but are generally lower than matrix 
temperatures calculated by Will (2013). 
 4.5.3. Iron Formation Isomeke Relative to Chemical Geothermobarometry 
 The highest residual pressure measured for sample HP 81-82, which met strain 
anisotropy criteria, is 0.59 kbar (Appendix H). TIB inclusion thermometry constraints applied to 
the corresponding entrapment isomeke predicts a narrow entrapment pressure range from 
~10.00-10.25 kbar (Fig. 46), 5-6 kbar higher than pressures yielded from both inclusion and 
garnet traverse chemical geobarometry calculations. Similarly, entrapment isomeke pressures are 
5-6 kbar higher than pressures preserved by matrix grains. Entrapment temperatures indicated 
along the entrapment isomeke agree with matrix temperatures calculated by this study, but are 





Figure 44. Migmatite entrapment isomekes (solid black lines) relative to range of temperatures recorded by biotite and amphibole 
inclusions (dotted black lines), matrix geothermobarometry results (solid green boxes), and peak conditions for migmatites calculated 





Figure 45. Gneiss entrapment isomekes (solid black lines) relative to range of temperatures recorded by biotite inclusions (dotted 





Figure 46. Entrapment isomekes (solid black line) relative to range of temperatures recorded by 
biotite inclusions (dotted black lines), matrix geothermobarometry results (solid green box), and 
peak conditions for iron formations calculated by Daigle (2015) (dotted green box). 
 
 4.5.4. Granulite Isomekes Relative to Chemical Geothermobarometry 
 Pinc values for granulite samples range from 0.52 to 1.08 kbar (Appendix H). Available 
quartz inclusions met strain anisotropy criteria for granulite sample QC 82-4a, but not for 
granulite sample QC 81-38 (i.e. A=-2.50x10-3). Amphibole-plagioclase thermometry 
temperatures from plagioclase inclusions in garnet at an assumed pressure of 10 kbar correspond 
to entrapment isomeke pressures of greater than 14 kbar along the calculated isomeke (Fig. 47; 
sample QC 81-38). These entrapment pressures are 4-7 kbar higher than the upper limit of 
chemistry-based geobarometry of matrix and inclusion grains. Available inclusion entrapment 
temperatures for granulite sample QC 81-38 are significantly higher than both matrix 




Figure 47. Granulite entrapment isomekes (solid black lines) relative to the lowest inclusion 
temperature recorded (dotted black line), matrix geothermobarometry results (solid green boxes), 










CHAPTER V. DISCUSSION 
 Calculated QuiG entrapment isomekes together with chemistry-based thermometry of 
garnet mineral inclusions, mainly of biotite and amphibole inclusions, allows for a range of 
prograde conditions to be determined. This range in pressure-temperature space is found to be 9-
11 kbar and 675-775°C. These pressures and temperatures are interpreted to represent the 
prograde conditions at which garnet hosts in the lithologies examined grew and entrapped 
analyzed mineral inclusions. Samples that predict inclusion entrapment at or above 14 kbar are 
considered outliers and are ignored because the corresponding quartz inclusions used to calculate 
entrapment isomekes did not meet strain anisotropy criteria.  
Garnet textural and compositional evidence indicates that porphyroblasts likely entrapped 
inclusions in multiple stages of prograde growth. This multi-stage growth history is given by 
inclusion-rich cores and inclusion-poor rims, the latter of which represents a second stage of 
porphyroblasts growth. While compositional zoning in select gneiss garnet porphyroblasts also 
supports multi-stage growth, emplacement of highly-localized intrusive bodies and associated 
fluids likely resulted in formation of the discrete compositional zones observed in garnet 
traverses and associated X-ray maps (D. Henry, personal communication).   
 Entrapment constraints from QuiG isomekes generally indicate significantly higher 
entrapment pressures than those recorded by most inclusion chemistry-based geobarometers with 
the exception of along-traverse garnet barometry calculations from select samples. Raman 
geobarometry calculations of entrapment pressures are interpreted to be more reliable than 
chemistry-based inclusion geobarometry constraints because remnant pressures of quartz 
inclusions aren’t readily influenced by post-entrapment chemical processes that typically impact 
chemistry-based (thermo)barometers (e.g. retrograde Fe-Mg exchange). Garnet reaction textures 
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(e.g. embayed porphyroblasts and growth of sillimanite and biotite along porphyroblast fractures 
and rims) observed across all lithologies examined provide evidence that such post-entrapment 
chemical modifications occurred. Therefore, inclusion geobarometers based on chemistry do not 
likely record accurate prograde pressures of garnet mineral inclusion entrapment. 
 While chemistry-based inclusion geobarometry calculations do not likely represent 
prograde entrapment pressures, Ti-based thermometry calculations from amphibole and biotite 
inclusions are interpreted to reliably represent prograde entrapment temperatures. Titanium in 
both biotite and amphibole is influenced by post-entrapment Mg-Fe exchange with the garnet 
host, but this chemical exchange doesn’t significantly change inclusion Ti content and has a 
minor influence on calculated temperatures (i.e. they are slightly higher) (e.g. Henry et al. 2005; 
Femenias et al. 2006).  
 Calculated matrix pressures and temperatures between 7-11 kbar and 700-830°C are 
consistent with the M1 Beartooth metamorphic event. M1 peak pressure ranges calculated here 
are generally 2-3 kbar higher than peak pressures calculated by previous workers, whereas M1 
peak temperatures from this study are generally 45-55°C lower than peak metamorphic 
temperatures calculated by previous workers (e.g. peraluminous migmatites – Maas, 2004; 
garnet-biotite gneisses and mafic granulites – Will, 2013; iron formations – Daigle, 2015). Lower 
ranges of calculated pressures and temperatures (i.e. 4-6 kbar and 640-690°C) are interpreted as 
overprinting of the M1 metamorphic event by the M2 amphibolite facies event and is most 
prevalent in peraluminous migmatite samples.  
 Prograde entrapment conditions predicted by isomekes (i.e. 9-11 kbar and 675-775°C) 
are consistent with calculated peak pressures from the M1 event, but are typically lower than M1 
peak temperatures. Disagreement between prograde entrapment temperatures and peak 
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metamorphic temperatures is interpreted to represent isobaric growth of garnet hosts at 
approximately peak metamorphic pressures as rocks were heated to peak metamorphic 
temperatures. A lack of core-to-rim variation in Pinc st. values of quartz inclusions in garnet hosts 
supports this interpretation that garnet hosts grew and entrapped (quartz) inclusions at similar 
pressures (i.e. peak pressures). Isobaric garnet growth trends result in prograde metamorphic 
paths that are clockwise in nature for all lithologies examined (Figures 48-50). 
 Entrapment isomekes for gneiss samples converge on calculated peak conditions and thus 
do not indicate significant isobaric garnet growth. However, lower peak temperatures calculated 
by this study relative to previous work by Will (2013) may be obscuring isobaric garnet growth 
trends. Isobaric garnet growth is also likely to be the case for samples whose inclusion 
thermometry temperatures weren’t recovered as the isomekes from these samples predict 
entrapment below calculated peak temperatures, indicating that garnet hosts likely entrapped 
mineral inclusions during isobaric growth while heating to peak temperatures. 
 
Figure 48. Interpreted prograde path (blue arrows) in pressure-temperature (PT) space of 





Figure 49. Interpreted prograde path (blue arrows) in pressure-temperature (PT) space of iron 
formation sample HP 81-82. 
 
 
Figure 50. Interpreted prograde path (blue arrows) in pressure-temperature (PT) space of garnet-




 QuiG entrapment isomekes provide useful constraints for determining prograde paths of 
metamorphism. However, there are two potential sources of error in QuiG predictions that 
should be considered. (1) Some quartz inclusions displayed remnant strains that were completely 
reset as evidenced by multiple observed negative Raman shifts for a given sample. This observed 
strain resetting indicates that preserved strains may be partially reset due to fracturing and/or 
alteration of garnet hosts noted in optical petrography and thus would under-predict entrapment 
conditions. (2) Available quartz inclusions in some samples were noticeably non-spherical and 
exhibited strongly anisotropic strains that over-predict inclusion entrapment pressures.  
 Use of the largest preserved remnant strains exclusively from quartz inclusions that met 
strain anisotropy criteria to calculate entrapment isomekes is expected to prevent the above 
sources of error from impacting isomeke entrapment condition estimates. Furthermore, the 
general agreement between predicted entrapment pressures and the upper ranges of matrix 
chemical geobarometry results suggest that calculated isomekes accurately constrain prograde 












CHAPTER VI. IMPLICATIONS 
 Geothermobarometric analysis of garnet mineral inclusions from high-grade garnet-
bearing lithologies of the eastern Beartooth Mountains yield prograde inclusion entrapment 
conditions of 675-775°C and 9-11 kbar along calculated entrapment isomekes. Calculated 
prograde entrapment conditions were found to be at approximately peak metamorphic pressures, 
but below peak temperatures for all lithologies examined. These entrapment conditions are 
interpreted to represent inclusion entrapment during isobaric growth of garnet porphyroblasts, 
likely in multiple stages, at peak pressures as temperatures increased. Resulting pressure-
temperature paths follow a clockwise path through time and imply burial to mid-crustal depths 
(i.e. ~25-30km) as a result of collisional tectonics before isobaric heating at peak pressures (i.e. 
9-11 kbar) from approximately 675°C to peak metamorphic temperatures around 775°C due to 
the local emplacement of plutonic material. Peak metamorphism was then followed by lower-
grade overprinting and/or post-metamorphic alterations as well as later tectonic unroofing and 
uplift. 
 Through the combined use of QuiG geobarometry and inclusion thermometry, this study 
demonstrates the utility of this approach in constraining prograde metamorphic conditions of 
garnet-bearing lithologies as well as the tectonic scenario responsible for their development. 
Given the successful application of this method to Beartooth rocks whose prograde paths were 
previously obscured by complex metamorphic histories, this approach may prove useful for other 





APPENDIX A. RAMAN STANDARD DATA 
Date of 
Analysis 








09/04/19 SM 519.1 
   
09/11/19 SM 519.0 




n.d. 205.3 463.1    
n.d. 205.4 463.1 
10/16/19 SM 519.1 
   
  
519.1 




n.d. 205.6 463.3    
n.d. n.d. 463.3 
10/23/19 SM 519.0 
   
  
519.1 




n.d. 205.2 463.2    
n.d. 205.4 463.2 
10/25/19 SM 519.0 
   
  
519.1 




126.0 205.6 463.1    
n.d. 205.5 463.2 
10/28/19 SM 519.0 
   
  
519.1 




n.d. 205.7 463.2    
n.d. 205.7 463.3 
10/30/19 SM 519.0 
   
  
519.1 




n.d. 205.3 463.2    
n.d. 205.5 463.2 
11/01/19 SM 519.1 
   
  
519.1 




n.d. 205.7 463.2    




   
  
519.0 
   
   
n.d. 205.1 463.1    
n.d. 205.1 463.1 
11/08/19 SM 519.0 
   
  
519.1 




n.d. 205.2 463.2    
n.d. 205.5 463.3 
11/09/19 SM 519.1 
   
  
519.1 




n.d. 205.7 463.3    
n.d. 205.5 463.2 
11/10/19 SM 519.0 
   
  
519.0 




n.d. 205.6 463.2 
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APPENDIX B. GARNET EMPA DATA 
 
Sample # HP-82-88B
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Wt%
  SiO2 38.047 38.360 38.490 38.591 38.803 38.722 38.652 38.883 38.682 38.762 38.742 38.762 38.702 38.561 38.712 38.722 38.601 38.682 38.762 38.702
  Al2O3 21.271 21.650 21.650 21.700 21.750 21.720 21.859 21.790 21.780 21.700 21.859 21.859 21.730 21.710 21.780 21.840 21.849 21.680 21.630 21.650
  TiO2 0.000 0.000 0.000 0.000 0.010 0.011 0.000 0.011 0.020 0.001 0.003 0.080 0.029 0.016 0.012 0.000 0.027 0.002 0.000 0.007
  V2O3
  Cr2O3 0.029 0.028 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.022 0.039 0.026 0.022 0.049 0.004 0.007 0.019
  Fe2O3 (calculated) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.036
  FeO (calculated) 32.831 31.381 31.019 30.774 30.411 30.480 30.460 30.196 30.676 29.540 30.098 30.029 30.176 29.775 29.892 30.362 30.039 29.324 30.137 30.271
  MnO 0.901 0.760 0.808 0.781 0.853 0.772 0.784 0.769 0.762 0.831 0.795 0.812 0.753 0.760 0.664 0.779 0.772 0.763 0.783 0.816
  MgO 5.500 6.630 6.930 7.060 7.240 7.400 7.280 7.390 7.230 7.450 7.490 7.500 7.420 7.460 7.470 7.320 7.370 7.300 7.360 7.470
  CaO 1.271 1.344 1.370 1.420 1.440 1.450 1.430 1.460 1.410 1.520 1.460 1.490 1.430 1.480 1.450 1.490 1.440 1.490 1.490 1.460
Total 99.849 100.152 100.267 100.326 100.506 100.555 100.466 100.499 100.559 99.804 100.448 100.550 100.262 99.801 100.006 100.535 100.147 99.244 100.170 100.432
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.986 1.998 1.992 1.993 1.990 1.987 2.001 1.991 1.994 1.992 1.998 1.996 1.991 1.996 1.997 1.997 2.004 1.999 1.984 1.983
Fe3+(total) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002
Fe2+ (total) 2.176 2.056 2.026 2.007 1.977 1.979 1.980 1.960 1.993 1.928 1.953 1.947 1.964 1.945 1.948 1.971 1.957 1.926 1.963 1.967
Mg2+(total) 0.650 0.774 0.807 0.821 0.839 0.856 0.843 0.855 0.838 0.867 0.867 0.867 0.861 0.868 0.868 0.847 0.856 0.854 0.855 0.865
Y (vi) site: Al 1.986 1.998 1.992 1.993 1.990 1.987 2.001 1.991 1.994 1.992 1.998 1.996 1.991 1.996 1.997 1.997 2.004 1.999 1.984 1.983
   Ti 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.005 0.002 0.001 0.001 0.000 0.002 0.000 0.000 0.000
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.002 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.002 0.002 0.001 0.003 0.000 0.000 0.001
   Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002
   Si 0.016 0.005 0.006 0.009 0.016 0.006 0.004 0.018 0.006 0.026 0.007 0.006 0.011 0.011 0.017 0.006 0.006 0.037 0.020 0.007
   Fe2+ 0.000 0.000 0.001 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.003 2.005 2.000 2.002 2.006 2.000 2.005 2.010 2.001 2.018 2.005 2.007 2.005 2.011 2.016 2.005 2.015 2.037 2.004 2.000
X-site (viii) Fe2+ 2.176 2.056 2.025 2.007 1.977 1.972 1.980 1.960 1.993 1.928 1.953 1.947 1.964 1.945 1.948 1.971 1.957 1.926 1.963 1.960
   Mn2+ 0.060 0.050 0.053 0.052 0.056 0.051 0.052 0.051 0.050 0.055 0.052 0.053 0.050 0.050 0.044 0.051 0.051 0.051 0.052 0.054
   Mg 0.650 0.774 0.807 0.821 0.839 0.856 0.843 0.855 0.838 0.867 0.867 0.867 0.861 0.868 0.868 0.847 0.856 0.854 0.855 0.865
   Ca 0.108 0.113 0.115 0.119 0.120 0.121 0.119 0.121 0.117 0.127 0.121 0.124 0.119 0.124 0.121 0.124 0.120 0.125 0.124 0.122
X-site (viii) total 2.995 2.994 3.000 2.997 2.991 3.000 2.994 2.987 2.999 2.978 2.994 2.991 2.993 2.987 2.981 2.994 2.983 2.956 2.994 3.000
Fe3+/(Fetot) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Mg/(Mg+Fetot) 0.230 0.274 0.285 0.290 0.298 0.302 0.299 0.304 0.296 0.310 0.307 0.308 0.305 0.309 0.308 0.301 0.304 0.307 0.303 0.305
Mg/(Mg+Fe2+) 0.230 0.274 0.285 0.290 0.298 0.302 0.299 0.304 0.296 0.310 0.307 0.308 0.305 0.309 0.308 0.301 0.304 0.307 0.303 0.305
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 72.550 68.539 67.503 66.884 65.888 65.745 65.992 65.343 66.448 64.283 65.116 64.907 65.452 64.819 64.936 65.715 65.220 64.186 65.445 65.320
Pyrope 21.665 25.812 26.895 27.352 27.961 28.545 28.115 28.506 27.917 28.899 28.885 28.897 28.688 28.949 28.926 28.241 28.523 28.483 28.490 28.838
Spessartine 2.015 1.680 1.782 1.720 1.871 1.691 1.721 1.685 1.672 1.832 1.742 1.778 1.654 1.677 1.462 1.707 1.697 1.691 1.722 1.791
Grossular 3.134 3.675 3.462 3.741 3.891 3.375 3.969 4.048 3.692 4.238 4.047 4.075 3.837 4.008 3.956 4.064 3.856 4.167 3.635 3.168
Andradite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.105
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000





Analysis pt. # 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 Avg
  SiO2 38.490 38.652 38.712 38.924 38.652 38.913 38.601 38.793 38.501 38.269 38.490 38.360 38.601 38.279 38.259 37.836 38.299 38.118 38.178 38.561
  Al2O3 21.859 21.770 21.879 21.780 21.840 21.780 21.540 21.670 21.630 21.540 21.640 21.710 21.680 21.630 21.421 21.271 21.570 21.510 21.421 21.682
  TiO2 0.007 0.045 0.000 0.000 0.044 0.003 0.010 0.000 0.000 0.017 0.008 0.004 0.000 0.020 0.000 0.008 0.012 0.049 0.020 0.012
  V2O3
  Cr2O3 0.012 0.037 0.031 0.067 0.052 0.068 0.069 0.056 0.072 0.053 0.036 0.001 0.050 0.036 0.014 0.027 0.000 0.022 0.044 0.026
  Fe2O3 (calculated) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.185 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006
  FeO (calculated) 29.804 30.049 30.059 30.147 30.304 29.961 30.607 30.500 30.304 30.225 30.686 31.019 31.361 31.714 32.311 31.841 33.330 33.095 33.281 30.730
  MnO 0.785 0.738 0.777 0.833 0.782 0.782 0.824 0.788 0.804 0.872 0.834 0.726 0.770 0.820 0.847 0.909 0.965 0.933 0.973 0.807
  MgO 7.330 7.370 7.420 7.350 7.390 7.290 7.210 7.170 7.250 7.200 7.070 6.810 6.670 6.460 5.780 6.010 5.220 5.330 5.290 6.972
  CaO 1.480 1.480 1.480 1.470 1.460 1.480 1.450 1.460 1.430 1.430 1.420 1.450 1.420 1.336 1.267 1.302 1.293 1.263 1.286 1.422
Total 99.769 100.140 100.358 100.570 100.523 100.277 100.311 100.435 99.990 99.792 100.184 100.079 100.552 100.295 99.899 99.204 100.689 100.320 100.493 100.217
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 2.998 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 2.011 1.996 2.002 1.989 1.998 1.993 1.978 1.985 1.990 1.989 1.991 2.002 1.992 1.997 1.992 1.991 1.999 2.000 1.990 1.994
Fe3+(total) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe2+ (total) 1.948 1.958 1.953 1.956 1.967 1.950 1.995 1.985 1.980 1.980 2.004 2.030 2.046 2.078 2.136 2.116 2.195 2.186 2.196 2.007
Mg2+(total) 0.854 0.856 0.859 0.850 0.855 0.846 0.838 0.832 0.844 0.841 0.823 0.795 0.776 0.755 0.681 0.712 0.613 0.628 0.622 0.811
Y (vi) site: Al 2.011 1.996 2.002 1.989 1.998 1.993 1.978 1.985 1.990 1.987 1.991 2.002 1.992 1.997 1.992 1.991 1.999 2.000 1.990 1.994
   Ti 0.000 0.003 0.000 0.000 0.003 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.003 0.001 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.001 0.002 0.002 0.004 0.003 0.004 0.004 0.003 0.004 0.003 0.002 0.000 0.003 0.002 0.001 0.002 0.000 0.001 0.003 0.002
   Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Si 0.008 0.011 0.008 0.020 0.001 0.028 0.008 0.019 0.007 0.000 0.005 0.002 0.012 0.000 0.024 0.006 0.016 0.011 0.012 0.011
   Fe2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.020 2.012 2.011 2.013 2.004 2.025 2.000 2.007 2.002 2.002 2.000 2.005 2.007 2.000 2.016 2.000 2.016 2.015 2.006 2.008
X-site (viii) Fe2+ 1.948 1.958 1.953 1.956 1.967 1.950 1.987 1.985 1.980 1.980 2.003 2.030 2.046 2.078 2.136 2.116 2.195 2.186 2.196 2.007
   Mn2+ 0.052 0.049 0.051 0.055 0.051 0.052 0.054 0.052 0.053 0.058 0.055 0.048 0.051 0.054 0.057 0.061 0.064 0.062 0.065 0.053
   Mg 0.854 0.856 0.859 0.850 0.855 0.846 0.838 0.832 0.844 0.841 0.823 0.795 0.776 0.755 0.681 0.712 0.613 0.628 0.622 0.811
   Ca 0.124 0.124 0.123 0.122 0.121 0.123 0.121 0.122 0.120 0.120 0.119 0.122 0.119 0.112 0.107 0.111 0.109 0.107 0.109 0.119
X-site (viii) total 2.978 2.986 2.987 2.984 2.996 2.970 3.000 2.990 2.997 2.999 3.000 2.995 2.992 2.999 2.980 3.000 2.981 2.983 2.992 2.990
Fe3+/(Fetot) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg/(Mg+Fetot) 0.305 0.304 0.306 0.303 0.303 0.303 0.296 0.295 0.299 0.297 0.291 0.281 0.275 0.266 0.242 0.252 0.218 0.223 0.221 0.288
Mg/(Mg+Fe2+) 0.305 0.304 0.306 0.303 0.303 0.303 0.296 0.295 0.299 0.298 0.291 0.281 0.275 0.266 0.242 0.252 0.218 0.223 0.221 0.288
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 64.927 65.252 65.104 65.213 65.580 64.991 66.228 66.164 65.988 66.000 66.771 67.679 68.210 69.276 71.184 70.527 73.169 72.866 73.200 66.888
Pyrope 28.464 28.528 28.647 28.342 28.508 28.188 27.923 27.726 28.142 28.025 27.431 26.486 25.860 25.154 22.698 23.729 20.427 20.919 20.740 27.039
Spessartine 1.732 1.623 1.705 1.825 1.714 1.717 1.812 1.730 1.774 1.929 1.838 1.605 1.695 1.813 1.890 2.039 2.145 2.081 2.167 1.780
Grossular 4.094 4.004 4.011 3.868 3.889 3.903 2.965 3.753 3.662 3.355 3.528 4.049 3.803 3.605 3.534 3.299 3.636 3.495 3.486 3.743
Andradite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.431 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.014
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.050 0.000 0.000 0.000 0.024 0.000 0.000 0.000 0.000 0.000 0.002




Sample # HP 81-82
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 Avg
Wt%
  SiO2 37.554 37.463 37.846 37.695 37.624 37.433 37.816 37.413 37.483 37.463 37.201 37.514 37.473 37.352 37.161 37.493 37.282 37.634 37.675 37.645 38.047 37.537
  Al2O3 20.842 20.922 21.082 21.062 21.002 21.092 20.892 20.922 21.042 20.733 20.822 20.862 21.072 21.012 20.842 20.842 20.683 20.792 20.922 21.042 21.022 20.929
  TiO2 0.012 0.046 0.000 0.004 0.008 0.011 0.040 0.000 0.003 0.007 0.000 0.009 0.000 0.028 0.000 0.035 0.000 0.025 0.000 0.000 0.050 0.013
  V2O3
  Cr2O3 0.021 0.054 0.030 0.041 0.024 0.000 0.016 0.049 0.033 0.026 0.022 0.047 0.015 0.000 0.007 0.033 0.050 0.033 0.053 0.003 0.012 0.027
  Fe2O3 (calculated) 0.000 0.000 0.000 0.000 0.000 0.033 0.000 0.535 0.440 0.282 0.745 0.391 0.000 0.164 1.134 0.206 0.675 0.000 0.000 0.000 0.000 0.219
  FeO (calculated) 35.318 34.874 34.716 34.943 34.855 34.489 34.776 34.679 34.784 34.858 34.402 34.808 34.845 35.042 35.008 35.607 35.717 35.703 35.605 34.993 35.743 35.036
  MnO 1.930 1.810 1.930 1.840 1.760 1.860 1.690 1.750 1.750 1.750 1.910 1.840 1.760 1.850 1.950 1.810 1.820 1.950 1.760 1.860 1.830 1.829
  MgO 3.120 3.290 3.550 3.590 3.570 3.690 3.750 3.620 3.660 3.550 3.550 3.590 3.510 3.340 3.160 3.130 2.910 2.930 3.230 3.280 3.170 3.390
  CaO 1.450 1.420 1.397 1.460 1.460 1.420 1.430 1.430 1.360 1.440 1.420 1.400 1.440 1.420 1.420 1.440 1.430 1.420 1.420 1.400 1.410 1.423
Total 100.247 99.880 100.551 100.635 100.302 100.028 100.410 100.398 100.555 100.108 100.072 100.461 100.114 100.208 100.683 100.597 100.567 100.488 100.664 100.222 101.283 100.403
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 3.000 3.000 3.000 3.000 3.000 3.000 2.995 2.995 3.000 2.990 3.000 3.000 2.999 2.980 3.000 2.998 3.000 3.000 3.000 3.000 2.998
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.005 0.000 0.010 0.000 0.000 0.001 0.020 0.000 0.002 0.000 0.000 0.000 0.000 0.002
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.973 1.984 1.982 1.981 1.981 1.993 1.966 1.977 1.984 1.964 1.976 1.970 1.992 1.989 1.976 1.970 1.963 1.967 1.973 1.988 1.969 1.977
Fe3+(total) 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.032 0.026 0.017 0.045 0.024 0.000 0.010 0.068 0.012 0.041 0.000 0.000 0.000 0.000 0.013
Fe2+ (total) 2.374 2.349 2.319 2.332 2.334 2.313 2.324 2.322 2.324 2.341 2.313 2.330 2.338 2.353 2.348 2.387 2.402 2.399 2.383 2.349 2.378 2.348
Mg2+(total) 0.374 0.395 0.423 0.427 0.426 0.441 0.447 0.432 0.436 0.425 0.425 0.428 0.420 0.400 0.378 0.374 0.349 0.351 0.385 0.392 0.376 0.405
Y (vi) site: Al 1.973 1.984 1.982 1.981 1.981 1.993 1.966 1.972 1.978 1.964 1.967 1.970 1.992 1.988 1.956 1.970 1.961 1.967 1.973 1.988 1.969 1.975
   Ti 0.001 0.003 0.000 0.000 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.001 0.000 0.002 0.000 0.002 0.000 0.001 0.000 0.000 0.003 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.001 0.003 0.002 0.003 0.001 0.000 0.001 0.003 0.002 0.002 0.001 0.003 0.001 0.000 0.000 0.002 0.003 0.002 0.003 0.000 0.001 0.002
   Fe3+ 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.032 0.026 0.017 0.045 0.024 0.000 0.010 0.068 0.012 0.041 0.000 0.000 0.000 0.000 0.013
   Si 0.019 0.017 0.022 0.008 0.012 0.002 0.022 0.000 0.000 0.009 0.000 0.002 0.006 0.000 0.000 0.006 0.000 0.023 0.015 0.021 0.027 0.010
   Fe2+ 0.005 0.000 0.000 0.008 0.004 0.002 0.007 0.000 0.000 0.009 0.000 0.003 0.001 0.001 0.000 0.008 0.000 0.004 0.009 0.000 0.000 0.003
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 1.999 2.007 2.006 2.000 1.999 2.000 1.999 2.007 2.007 2.001 2.013 2.002 2.000 2.001 2.025 2.001 2.005 1.998 2.000 2.009 2.000 2.004
X-site (viii) Fe2+ 2.370 2.349 2.319 2.324 2.329 2.311 2.316 2.322 2.324 2.332 2.313 2.327 2.337 2.352 2.348 2.379 2.402 2.394 2.374 2.349 2.378 2.345
   Mn2+ 0.131 0.123 0.131 0.124 0.119 0.126 0.114 0.119 0.118 0.119 0.130 0.125 0.120 0.126 0.132 0.123 0.124 0.133 0.119 0.126 0.123 0.124
   Mg 0.374 0.395 0.423 0.427 0.426 0.441 0.447 0.432 0.436 0.425 0.425 0.428 0.420 0.400 0.378 0.374 0.349 0.351 0.385 0.392 0.376 0.405
   Ca 0.125 0.123 0.120 0.125 0.125 0.122 0.122 0.123 0.116 0.124 0.122 0.120 0.124 0.122 0.122 0.124 0.123 0.122 0.122 0.120 0.120 0.122
X-site (viii) total 3.000 2.990 2.991 3.000 3.000 3.000 3.000 2.995 2.995 3.000 2.990 3.000 3.000 3.000 2.980 3.000 2.998 3.000 3.000 2.988 2.998 2.997
Fe3+/(Fetot) 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.014 0.011 0.007 0.019 0.010 0.000 0.004 0.028 0.005 0.017 0.000 0.000 0.000 0.000 0.006
Mg/(Mg+Fetot) 0.136 0.144 0.154 0.155 0.154 0.160 0.161 0.155 0.156 0.153 0.153 0.154 0.152 0.145 0.135 0.135 0.125 0.128 0.139 0.143 0.137 0.146
Mg/(Mg+Fe2+) 0.136 0.144 0.154 0.155 0.154 0.160 0.161 0.157 0.158 0.154 0.155 0.155 0.152 0.145 0.139 0.135 0.127 0.128 0.139 0.143 0.137 0.147
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 78.994 78.304 77.289 77.458 77.645 77.019 77.217 77.397 77.475 77.733 77.089 77.564 77.896 78.408 78.272 79.310 80.064 79.807 79.123 78.292 79.277 78.173
Pyrope 12.463 13.168 14.088 14.236 14.202 14.704 14.890 14.401 14.531 14.168 14.180 14.277 13.992 13.326 12.594 12.470 11.628 11.696 12.843 13.082 12.533 13.499
Spessartine 4.380 4.116 4.352 4.146 3.978 4.211 3.813 3.956 3.948 3.968 4.335 4.158 3.986 4.194 4.416 4.097 4.132 4.423 3.976 4.215 4.111 4.138
Grossular 2.893 3.716 3.484 3.203 3.255 3.732 2.455 2.716 2.860 2.257 2.551 2.391 3.736 3.450 2.249 2.591 2.078 2.504 2.711 3.930 2.641 2.924
Andradite 0.000 0.000 0.000 0.000 0.000 0.100 0.000 1.218 0.910 0.852 1.455 1.178 0.000 0.496 1.797 0.620 1.871 0.000 0.000 0.000 0.000 0.500
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.041 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002





Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Wt%
  SiO2 37.836 37.715 37.645 38.007 37.775 38.128 37.806 38.118 37.977 38.118 37.826 37.927 38.128 38.027 37.856 37.524 37.806 37.493 37.816 37.765
  Al2O3 21.122 21.161 21.261 21.311 21.251 21.171 21.151 21.241 21.181 21.241 21.281 21.102 21.281 21.171 20.852 21.102 20.942 21.002 20.972 20.782
  TiO2 0.000 0.000 0.009 0.011 0.018 0.019 0.150 0.009 0.020 0.036 0.000 0.000 0.060 0.017 0.050 0.021 0.001 0.020 0.016 0.021
  V2O3
  Cr2O3 0.006 0.021 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.018 0.000 0.003 0.000 0.000 0.000 0.009 0.000 0.006 0.000
  Fe2O3 (calculated) 0.248 0.940 0.226 0.399 0.710 0.000 0.000 0.239 0.000 0.516 0.000 0.355 0.000 0.000 0.000 0.937 0.194 0.155 0.467 0.462
  FeO (calculated) 31.263 31.542 31.412 31.009 30.788 31.269 30.447 31.192 30.982 30.626 31.328 31.345 31.576 31.368 31.794 31.595 32.243 32.090 32.353 32.448
  MnO 1.210 1.380 1.330 1.380 1.510 1.430 1.440 1.470 1.460 1.600 1.580 1.730 1.820 1.640 1.720 1.780 1.820 1.830 1.850 1.780
  MgO 4.560 4.650 4.550 4.310 4.380 4.160 4.260 4.200 4.160 4.170 4.170 4.150 3.870 3.720 3.520 3.370 3.170 3.050 3.040 2.960
  CaO 3.610 3.020 3.240 4.190 3.950 4.250 3.950 4.230 4.290 4.630 3.630 3.790 4.090 4.190 4.120 4.280 4.270 4.270 4.360 4.410
Total 99.855 100.429 99.672 100.617 100.383 100.427 99.204 100.699 100.070 100.938 99.833 100.399 100.828 100.134 99.911 100.608 100.455 99.911 100.880 100.628
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 2.985 2.996 2.997 2.987 3.000 3.000 3.000 3.000 2.998 3.000 3.000 3.000 3.000 3.000 2.982 3.000 3.000 3.000 3.000
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.015 0.004 0.003 0.013 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.018 0.000 0.000 0.000 0.000
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.978 1.978 1.995 1.983 1.984 1.972 1.988 1.975 1.979 1.972 1.994 1.972 1.979 1.981 1.961 1.981 1.967 1.983 1.965 1.954
Fe3+(total) 0.015 0.056 0.014 0.024 0.042 0.000 0.000 0.014 0.000 0.031 0.000 0.021 0.000 0.000 0.000 0.056 0.012 0.009 0.028 0.028
Fe2+ (total) 2.076 2.087 2.091 2.045 2.036 2.067 2.035 2.057 2.054 2.015 2.084 2.077 2.084 2.085 2.123 2.100 2.148 2.149 2.149 2.162
Mg2+(total) 0.540 0.549 0.540 0.507 0.516 0.490 0.507 0.494 0.492 0.489 0.495 0.490 0.455 0.441 0.419 0.399 0.376 0.364 0.360 0.352
Y (vi) site: Al 1.978 1.963 1.991 1.980 1.972 1.972 1.988 1.975 1.979 1.970 1.994 1.972 1.979 1.981 1.961 1.964 1.967 1.983 1.965 1.954
   Ti 0.000 0.000 0.001 0.001 0.001 0.001 0.009 0.001 0.001 0.002 0.000 0.000 0.004 0.001 0.003 0.001 0.000 0.001 0.001 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000
   Fe3+ 0.015 0.056 0.014 0.024 0.042 0.000 0.000 0.014 0.000 0.031 0.000 0.021 0.000 0.000 0.000 0.056 0.012 0.009 0.028 0.028
   Si 0.004 0.000 0.000 0.000 0.000 0.014 0.021 0.005 0.011 0.000 0.009 0.004 0.009 0.023 0.023 0.000 0.011 0.003 0.003 0.009
   Fe2+ 0.004 0.000 0.000 0.000 0.000 0.013 0.000 0.006 0.008 0.000 0.000 0.004 0.007 0.000 0.011 0.000 0.011 0.004 0.004 0.010
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.001 2.020 2.005 2.004 2.015 2.000 2.018 2.001 2.000 2.003 2.004 2.002 2.000 2.004 1.999 2.021 2.001 2.001 2.002 2.002
X-site (viii) Fe2+ 2.072 2.087 2.091 2.045 2.036 2.054 2.035 2.051 2.046 2.014 2.084 2.072 2.077 2.085 2.112 2.100 2.136 2.145 2.145 2.152
   Mn2+ 0.081 0.092 0.090 0.092 0.101 0.096 0.097 0.098 0.098 0.107 0.106 0.116 0.122 0.110 0.116 0.120 0.123 0.124 0.124 0.120
   Mg 0.540 0.549 0.540 0.507 0.516 0.490 0.507 0.494 0.492 0.489 0.495 0.490 0.455 0.441 0.419 0.399 0.376 0.364 0.360 0.352
   Ca 0.307 0.256 0.276 0.354 0.335 0.360 0.338 0.357 0.364 0.390 0.309 0.322 0.346 0.357 0.353 0.364 0.364 0.366 0.371 0.376
X-site (viii) total 3.000 2.985 2.996 2.998 2.989 3.000 2.978 3.000 3.000 3.000 2.995 3.000 3.000 2.993 3.000 2.984 3.000 3.000 3.000 3.000
Fe3+/(Fetot) 0.007 0.026 0.006 0.011 0.020 0.000 0.000 0.007 0.000 0.015 0.000 0.010 0.000 0.000 0.000 0.026 0.005 0.004 0.013 0.013
Mg/(Mg+Fetot) 0.205 0.204 0.204 0.197 0.199 0.192 0.200 0.192 0.193 0.193 0.192 0.189 0.179 0.175 0.165 0.156 0.148 0.144 0.142 0.138
Mg/(Mg+Fe2+) 0.206 0.208 0.205 0.199 0.202 0.192 0.200 0.194 0.193 0.195 0.192 0.191 0.179 0.175 0.165 0.160 0.149 0.145 0.143 0.140
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 69.059 69.582 69.685 68.166 67.876 68.471 67.825 68.360 68.194 67.143 69.474 69.072 69.236 69.504 70.403 70.002 71.216 71.509 71.487 71.727
Pyrope 17.991 18.285 17.992 16.889 17.213 16.340 16.916 16.456 16.390 16.298 16.484 16.336 15.179 14.693 13.968 13.310 12.546 12.139 11.998 11.720
Spessartine 2.712 3.083 2.988 3.072 3.372 3.191 3.249 3.272 3.268 3.553 3.549 3.869 4.056 3.680 3.878 3.994 4.092 4.138 4.148 4.004
Grossular 9.061 6.959 8.822 10.762 9.948 10.611 11.273 10.604 11.111 11.360 10.254 9.225 10.511 11.287 9.880 10.646 10.431 11.335 10.520 10.129
Andradite 0.742 1.513 0.361 1.005 1.155 0.000 0.000 0.710 0.000 1.527 0.000 1.059 0.000 0.000 0.000 1.440 0.582 0.466 1.397 1.384
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.025 0.034 0.053 0.000 0.000 0.000 0.000 0.096 0.000 0.000 0.000 0.000 0.000 0.063 0.000 0.000 0.000 0.000





Analysis pt. # 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
  SiO2 37.483 37.826 37.403 37.645 37.735 37.806 37.312 37.755 37.725 37.604 37.645 37.705 37.705 37.826 37.715 37.473 37.584 37.604 37.614 37.675
  Al2O3 21.112 21.092 20.822 20.713 20.912 20.922 20.942 21.092 20.982 20.952 20.743 21.171 20.872 21.151 21.062 20.882 21.261 21.191 21.131 21.042
  TiO2 0.013 0.006 0.054 0.039 0.019 0.001 0.033 0.054 0.023 0.042 0.049 0.010 0.032 0.039 0.034 0.032 0.014 0.000 0.015 0.012
  V2O3
  Cr2O3 0.000 0.010 0.000 0.004 0.000 0.013 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.046 0.000 0.000 0.000 0.000
  Fe2O3 (calculated) 0.607 0.000 0.564 0.346 0.374 0.032 0.296 0.000 0.059 0.087 0.000 0.000 0.000 0.000 0.000 0.000 0.026 0.000 0.000 0.000
  FeO (calculated) 32.267 32.685 32.465 32.918 33.022 33.201 32.973 32.764 33.433 33.151 33.180 32.982 33.002 33.229 33.200 32.913 32.869 32.724 32.576 31.378
  MnO 1.890 1.870 1.860 1.800 1.840 1.930 1.840 1.780 1.710 1.770 1.550 1.610 1.540 1.620 1.520 1.390 1.540 1.510 1.440 1.570
  MgO 2.870 2.870 2.750 2.670 2.640 2.570 2.520 2.560 2.500 2.560 2.480 2.570 2.500 2.580 2.530 2.640 2.670 2.720 2.840 3.190
  CaO 4.320 4.310 4.310 4.330 4.330 4.270 4.150 4.230 4.300 4.290 4.390 4.370 4.400 4.420 4.410 4.400 4.500 4.450 4.520 4.710
Total 100.562 100.669 100.227 100.464 100.872 100.745 100.066 100.235 100.741 100.457 100.036 100.418 100.051 100.865 100.470 99.776 100.465 100.200 100.137 99.576
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  2.989 3.000 2.997 3.000 3.000 3.000 2.998 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 2.999 3.000 3.000 3.000
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.011 0.000 0.003 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.987 1.978 1.969 1.954 1.965 1.967 1.984 1.987 1.973 1.975 1.962 1.992 1.972 1.983 1.982 1.978 1.999 1.996 1.990 1.985
Fe3+(total) 0.036 0.000 0.034 0.021 0.022 0.002 0.018 0.000 0.004 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000
Fe2+ (total) 2.152 2.176 2.175 2.202 2.200 2.214 2.215 2.194 2.231 2.217 2.229 2.204 2.215 2.212 2.219 2.213 2.193 2.188 2.178 2.102
Mg2+(total) 0.341 0.341 0.328 0.318 0.314 0.306 0.302 0.306 0.297 0.305 0.297 0.306 0.299 0.306 0.301 0.316 0.318 0.324 0.338 0.381
Y (vi) site: Al 1.976 1.978 1.966 1.954 1.965 1.967 1.982 1.987 1.973 1.975 1.962 1.992 1.972 1.983 1.982 1.978 1.998 1.996 1.990 1.985
   Ti 0.001 0.000 0.003 0.002 0.001 0.000 0.002 0.003 0.001 0.003 0.003 0.001 0.002 0.002 0.002 0.002 0.001 0.000 0.001 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000
   Fe3+ 0.036 0.000 0.034 0.021 0.022 0.002 0.018 0.000 0.004 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000
   Si 0.000 0.011 0.000 0.011 0.006 0.015 0.000 0.023 0.010 0.007 0.024 0.013 0.026 0.010 0.014 0.013 0.000 0.007 0.007 0.018
   Fe2+ 0.000 0.010 0.000 0.013 0.007 0.015 0.000 0.000 0.011 0.010 0.009 0.000 0.000 0.004 0.001 0.003 0.000 0.000 0.001 0.000
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.013 2.000 2.003 2.002 2.002 2.000 2.002 2.013 2.000 2.000 1.999 2.005 2.000 1.999 1.999 1.999 2.001 2.003 1.999 2.004
X-site (viii) Fe2+ 2.152 2.166 2.175 2.189 2.193 2.199 2.215 2.194 2.219 2.207 2.220 2.204 2.215 2.208 2.218 2.210 2.193 2.188 2.177 2.102
   Mn2+ 0.128 0.126 0.126 0.122 0.124 0.130 0.125 0.121 0.116 0.120 0.105 0.109 0.105 0.109 0.103 0.095 0.104 0.102 0.098 0.107
   Mg 0.341 0.341 0.328 0.318 0.314 0.306 0.302 0.306 0.297 0.305 0.297 0.306 0.299 0.306 0.301 0.316 0.318 0.324 0.338 0.381
   Ca 0.369 0.368 0.370 0.371 0.370 0.365 0.357 0.363 0.368 0.368 0.378 0.374 0.378 0.377 0.378 0.379 0.385 0.381 0.387 0.404
X-site (viii) total 2.990 3.000 3.000 3.000 3.000 3.000 3.000 2.983 3.000 3.000 3.000 2.993 2.997 3.000 3.000 3.000 3.000 2.996 3.000 2.994
Fe3+/(Fetot) 0.017 0.000 0.015 0.009 0.010 0.001 0.008 0.000 0.002 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000
Mg/(Mg+Fetot) 0.135 0.135 0.129 0.125 0.124 0.121 0.119 0.122 0.117 0.121 0.118 0.122 0.119 0.122 0.120 0.125 0.126 0.129 0.135 0.153
Mg/(Mg+Fe2+) 0.137 0.135 0.131 0.126 0.125 0.121 0.120 0.122 0.118 0.121 0.118 0.122 0.119 0.122 0.120 0.125 0.126 0.129 0.135 0.153
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 71.728 72.195 72.509 72.955 73.092 73.306 73.846 73.134 73.982 73.576 73.991 73.463 73.840 73.595 73.938 73.662 73.108 72.944 72.562 70.078
Pyrope 11.372 11.351 10.948 10.612 10.450 10.185 10.060 10.186 9.912 10.174 9.899 10.204 9.971 10.203 10.046 10.548 10.586 10.808 11.282 12.700
Spessartine 4.255 4.202 4.207 4.065 4.138 4.346 4.174 4.024 3.852 3.997 3.515 3.632 3.490 3.640 3.429 3.155 3.469 3.409 3.250 3.551
Grossular 11.298 11.177 10.479 9.992 10.485 10.494 10.945 12.097 10.906 10.996 10.783 12.385 11.419 11.753 11.765 11.577 12.737 12.692 12.455 13.010
Andradite 0.967 0.000 1.693 1.041 1.120 0.095 0.862 0.000 0.179 0.262 0.000 0.000 0.000 0.000 0.000 0.000 0.043 0.000 0.000 0.000
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.038 0.000 0.161 0.000 0.000 0.000 0.100 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.042 0.000 0.000 0.000





Analysis pt. # 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 Avg
  SiO2 37.796 37.997 37.957 37.866 37.675 37.886 38.007 37.796 38.209 37.947 38.027 37.896 37.957 38.047 37.413 37.997 37.759
  Al2O3 21.211 21.341 21.012 21.002 20.982 20.932 21.171 21.411 21.131 21.102 20.952 21.201 20.952 21.131 21.441 21.381 21.067
  TiO2 0.016 0.011 0.008 0.023 0.066 0.011 0.025 0.000 0.013 0.000 0.002 0.009 0.025 0.011 0.024 0.011 0.021
  V2O3
  Cr2O3 0.017 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.002 0.003 0.008 0.021 0.006 0.000 0.000 0.006 0.004
  Fe2O3 (calculated) 0.000 0.000 0.177 0.590 0.401 0.000 0.375 0.605 0.000 0.318 0.000 0.000 0.000 0.130 0.959 0.000 0.165
  FeO (calculated) 30.675 30.041 31.486 31.639 31.957 31.754 31.031 30.061 30.249 30.804 30.467 32.606 31.091 31.884 31.040 31.219 32.082
  MnO 1.560 1.510 1.480 1.360 1.370 1.320 1.246 1.047 1.001 1.197 1.130 0.997 1.145 1.310 1.243 1.247 1.493
  MgO 3.460 3.820 4.230 4.360 4.630 4.650 4.330 4.150 3.970 3.670 3.730 3.180 3.530 4.640 4.790 4.470 3.301
  CaO 4.790 4.810 3.800 3.520 2.740 2.830 4.260 5.210 5.650 5.320 5.470 4.340 5.320 3.140 3.060 3.650 4.314
Total 99.525 99.530 100.149 100.362 99.821 99.383 100.445 100.279 100.225 100.361 99.787 100.250 100.025 100.295 99.969 99.982 100.237
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 3.000 3.000 3.000 3.000 3.000 3.000 2.985 3.000 3.000 3.000 3.000 3.000 3.000 2.968 3.000 2.998
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.032 0.000 0.002
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.995 1.999 1.966 1.964 1.971 1.968 1.973 1.996 1.967 1.971 1.963 1.988 1.963 1.971 2.009 1.995 1.979
Fe3+(total) 0.000 0.000 0.011 0.035 0.024 0.000 0.022 0.036 0.000 0.019 0.000 0.000 0.000 0.008 0.057 0.000 0.010
Fe2+ (total) 2.051 2.002 2.089 2.097 2.128 2.120 2.050 1.986 1.999 2.040 2.026 2.173 2.068 2.110 2.059 2.069 2.139
Mg2+(total) 0.412 0.454 0.500 0.515 0.550 0.553 0.510 0.489 0.468 0.433 0.442 0.378 0.418 0.547 0.566 0.528 0.392
Y (vi) site: Al 1.995 1.999 1.966 1.964 1.970 1.968 1.973 1.982 1.967 1.971 1.963 1.988 1.963 1.971 1.977 1.995 1.977
   Ti 0.001 0.001 0.000 0.001 0.004 0.001 0.001 0.000 0.001 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000
   Fe3+ 0.000 0.000 0.011 0.035 0.024 0.000 0.022 0.036 0.000 0.019 0.000 0.000 0.000 0.008 0.057 0.000 0.010
   Si 0.021 0.027 0.012 0.000 0.000 0.025 0.002 0.000 0.019 0.006 0.024 0.019 0.018 0.010 0.000 0.011 0.011
   Fe2+ 0.000 0.000 0.012 0.002 0.004 0.005 0.003 0.000 0.012 0.006 0.011 0.000 0.016 0.011 0.000 0.000 0.005
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.018 2.027 2.001 2.003 2.002 1.998 2.002 2.018 1.999 2.002 1.999 2.009 2.000 2.001 2.036 2.007 2.005
X-site (viii) Fe2+ 2.051 2.002 2.077 2.095 2.124 2.115 2.046 1.986 1.987 2.035 2.015 2.173 2.051 2.099 2.059 2.069 2.134
   Mn2+ 0.106 0.102 0.099 0.091 0.092 0.089 0.083 0.070 0.067 0.080 0.076 0.067 0.077 0.088 0.084 0.084 0.101
   Mg 0.412 0.454 0.500 0.515 0.550 0.553 0.510 0.489 0.468 0.433 0.442 0.378 0.418 0.547 0.566 0.528 0.392
   Ca 0.410 0.411 0.323 0.299 0.234 0.242 0.361 0.441 0.478 0.451 0.466 0.370 0.453 0.266 0.260 0.310 0.368
X-site (viii) total 2.979 2.968 3.000 3.000 3.000 3.000 3.000 2.985 3.000 3.000 3.000 2.988 3.000 3.000 2.969 2.991 2.995
Fe3+/(Fetot) 0.000 0.000 0.005 0.016 0.011 0.000 0.011 0.018 0.000 0.009 0.000 0.000 0.000 0.004 0.027 0.000 0.005
Mg/(Mg+Fetot) 0.167 0.185 0.192 0.195 0.203 0.207 0.197 0.195 0.190 0.174 0.179 0.148 0.168 0.205 0.211 0.203 0.154
Mg/(Mg+Fe2+) 0.167 0.185 0.193 0.197 0.205 0.207 0.199 0.197 0.190 0.175 0.179 0.148 0.168 0.206 0.216 0.203 0.154
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 68.351 66.724 69.237 69.829 70.811 70.507 68.209 66.193 66.234 67.830 67.183 72.418 68.372 69.959 68.638 68.969 71.138
Pyrope 13.743 15.124 16.679 17.167 18.318 18.448 16.995 16.289 15.589 14.444 14.741 12.590 13.948 18.242 18.881 17.603 13.064
Spessartine 3.521 3.397 3.316 3.042 3.080 2.975 2.779 2.335 2.232 2.677 2.538 2.243 2.571 2.926 2.784 2.790 3.361
Grossular 13.622 13.687 9.016 8.024 6.214 6.549 10.558 14.114 14.342 13.537 13.734 12.283 13.286 7.393 8.307 10.312 11.234
Andradite 0.000 0.000 0.528 1.758 1.202 0.000 1.114 0.584 0.000 0.948 0.000 0.000 0.000 0.388 0.292 0.000 0.363
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.000 0.000 0.019 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.070 0.000 0.012




Sample # QC 81-20 Grt 1
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Wt%
  SiO2 37.806 37.877 37.856 38.049 37.958 37.644 38.099 38.049 38.221 38.211 37.877 37.917 37.927 37.816 37.593 38.018 37.937 38.099 38.109 38.089 37.684
  Al2O3 21.036 21.155 21.126 21.066 21.205 20.936 21.305 21.435 21.365 21.245 21.185 21.136 21.255 21.165 21.275 20.996 21.225 21.285 21.525 21.395 20.946
  TiO2 0.034 0.033 0.007 0.000 0.029 0.004 0.040 0.057 0.000 0.020 0.027 0.011 0.006 0.067 0.055 0.000 0.010 0.046 0.020 0.000 0.070
  V2O3
  Cr2O3 0.000 0.000 0.018 0.029 0.039 0.005 0.000 0.000 0.021 0.000 0.000 0.000 0.017 0.000 0.000 0.003 0.016 0.000 0.000 0.000 0.000
  Fe2O3 (calculated) 0.282 0.674 1.491 0.753 0.409 0.542 0.229 0.625 0.000 0.000 0.405 0.769 0.801 0.259 0.612 0.696 0.710 0.016 0.076 0.119 0.716
  FeO (calculated) 31.443 29.983 29.657 30.291 31.688 32.028 31.501 31.703 31.348 31.956 31.861 32.143 32.323 32.302 31.535 31.749 31.886 32.202 31.788 31.849 31.582
  MnO 1.170 1.155 1.056 1.050 1.200 1.269 1.190 1.350 1.251 1.390 1.480 1.340 1.310 1.440 1.370 1.350 1.340 1.340 1.291 1.254 1.247
  MgO 3.480 3.930 4.150 3.830 3.690 3.820 4.470 4.520 4.260 4.590 4.220 4.520 4.670 4.370 4.620 4.510 4.310 4.490 4.370 4.290 4.330
  CaO 5.000 5.590 5.580 5.710 4.630 3.820 3.840 3.450 4.120 2.880 3.460 2.960 2.640 2.910 3.000 3.360 3.470 3.150 3.670 3.730 3.560
Total 100.251 100.397 100.940 100.777 100.848 100.066 100.674 101.189 100.585 100.292 100.516 100.795 100.949 100.329 100.061 100.682 100.904 100.627 100.849 100.726 100.135
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 2.993 2.976 2.998 2.998 3.000 3.000 2.987 3.000 3.000 2.998 2.993 2.988 2.999 2.983 3.000 2.992 3.000 2.999 3.000 2.994
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.007 0.024 0.002 0.002 0.000 0.000 0.013 0.000 0.000 0.002 0.007 0.012 0.001 0.017 0.000 0.008 0.000 0.001 0.000 0.006
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.972 1.973 1.965 1.960 1.976 1.969 1.979 1.986 1.984 1.979 1.978 1.970 1.978 1.980 1.993 1.957 1.976 1.980 1.996 1.988 1.965
Fe3+(total) 0.017 0.040 0.088 0.045 0.024 0.032 0.014 0.037 0.000 0.000 0.024 0.046 0.047 0.015 0.037 0.041 0.042 0.001 0.004 0.007 0.043
Fe2+ (total) 2.090 1.981 1.950 1.996 2.093 2.135 2.076 2.081 2.067 2.115 2.109 2.122 2.130 2.142 2.093 2.097 2.103 2.125 2.092 2.100 2.098
Mg2+(total) 0.412 0.463 0.486 0.450 0.434 0.454 0.525 0.529 0.501 0.541 0.498 0.532 0.549 0.517 0.547 0.531 0.507 0.528 0.513 0.504 0.513
Y (vi) site: Al 1.972 1.966 1.941 1.959 1.974 1.969 1.979 1.973 1.984 1.979 1.976 1.963 1.966 1.979 1.976 1.957 1.968 1.980 1.995 1.988 1.958
   Ti 0.002 0.002 0.000 0.000 0.002 0.000 0.002 0.003 0.000 0.001 0.002 0.001 0.000 0.004 0.003 0.000 0.001 0.003 0.001 0.000 0.004
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.000 0.000 0.001 0.002 0.002 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
   Fe3+ 0.017 0.040 0.088 0.045 0.024 0.032 0.014 0.037 0.000 0.000 0.024 0.046 0.047 0.015 0.037 0.041 0.042 0.001 0.004 0.007 0.043
   Si 0.004 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.014 0.024 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.007 0.000 0.003 0.000
   Fe2+ 0.006 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.002 0.000 0.010 0.000 0.003 0.000
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.001 2.008 2.031 2.005 2.002 2.003 2.001 2.013 1.999 2.004 2.002 2.010 2.015 2.001 2.016 2.003 2.011 2.000 2.001 2.001 2.005
X-site (viii) Fe2+ 2.083 1.981 1.950 1.996 2.093 2.134 2.071 2.081 2.067 2.115 2.109 2.122 2.130 2.139 2.093 2.094 2.103 2.116 2.092 2.097 2.098
   Mn2+ 0.079 0.077 0.070 0.070 0.080 0.086 0.079 0.090 0.084 0.093 0.099 0.090 0.087 0.097 0.092 0.090 0.089 0.090 0.086 0.084 0.084
   Mg 0.412 0.463 0.486 0.450 0.434 0.454 0.525 0.529 0.501 0.541 0.498 0.532 0.549 0.517 0.547 0.531 0.507 0.528 0.513 0.504 0.513
   Ca 0.426 0.473 0.470 0.482 0.392 0.326 0.324 0.290 0.348 0.244 0.293 0.250 0.223 0.247 0.255 0.284 0.293 0.266 0.309 0.315 0.303
X-site (viii) total 3.000 2.995 2.977 2.998 3.000 3.000 3.000 2.990 3.000 2.994 3.000 2.994 2.989 3.000 2.987 3.000 2.992 3.000 3.000 3.000 2.998
Fe3+/(Fetot) 0.008 0.020 0.043 0.022 0.011 0.015 0.007 0.017 0.000 0.000 0.011 0.021 0.022 0.007 0.017 0.019 0.020 0.000 0.002 0.003 0.020
Mg/(Mg+Fetot) 0.164 0.186 0.193 0.181 0.170 0.173 0.201 0.200 0.195 0.204 0.189 0.197 0.201 0.193 0.204 0.199 0.191 0.199 0.196 0.193 0.193
Mg/(Mg+Fe2+) 0.165 0.189 0.200 0.184 0.172 0.175 0.202 0.203 0.195 0.204 0.191 0.200 0.205 0.194 0.207 0.202 0.194 0.199 0.197 0.194 0.196
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 69.442 66.045 64.997 66.545 69.770 71.144 69.049 69.374 68.905 70.495 70.304 70.735 70.999 71.311 69.766 69.817 70.094 70.526 69.725 69.903 69.942
Pyrope 13.742 15.431 16.213 14.998 14.482 15.128 17.500 17.631 16.692 18.049 16.599 17.731 18.285 17.222 18.219 17.697 16.889 17.609 17.086 16.805 17.094
Spessartine 2.624 2.577 2.344 2.336 2.677 2.854 2.646 2.992 2.784 3.106 3.307 2.987 2.914 3.224 3.070 3.010 2.983 2.986 2.867 2.790 2.797
Grossular 12.701 14.101 13.129 13.873 11.664 9.197 9.718 8.487 10.892 7.421 8.514 6.533 5.917 7.115 7.614 7.178 8.243 7.871 10.050 9.889 7.916
Andradite 0.844 1.577 2.462 2.108 1.187 1.624 0.679 1.016 0.000 0.000 1.186 1.779 1.442 0.774 0.724 2.069 1.451 0.047 0.203 0.353 1.974
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.097 0.020 0.000 0.086 0.000 0.000 0.169 0.000 0.000 0.082 0.034 0.018 0.044 0.165 0.000 0.029 0.000 0.060 0.000 0.210




Sample # QC 81-20 Grt 1
Analysis pt. # 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43
Wt%
  SiO2 37.856 38.211 38.160 37.917 37.704 38.018 37.674 38.099 38.038 38.190 37.816 37.917 37.917 37.947 37.755 38.109 37.856 38.221 38.261 37.796 37.927 37.917
  Al2O3 20.886 21.275 21.195 21.295 21.096 21.016 21.175 21.215 21.255 21.355 21.275 21.086 21.335 21.275 21.086 21.405 21.245 21.245 21.315 20.966 21.136 21.046
  TiO2 0.008 0.011 0.011 0.000 0.000 0.000 0.002 0.000 0.000 0.013 0.013 0.000 0.000 0.033 0.112 0.006 0.013 0.024 0.034 0.041 0.012 0.044
  V2O3
  Cr2O3 0.000 0.000 0.002 0.000 0.000 0.008 0.026 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.013 0.009 0.008 0.015 0.000 0.000 0.014 0.000
  Fe2O3 (calculated) 0.000 0.072 0.000 0.113 0.279 0.000 0.782 0.249 0.000 0.667 0.397 0.153 0.770 0.191 0.636 0.105 0.296 0.173 0.355 0.071 0.209 0.208
  FeO (calculated) 32.345 31.982 32.206 31.525 31.745 31.687 31.732 31.922 31.717 31.555 30.980 31.450 31.044 32.024 31.345 31.593 31.251 31.951 32.315 32.452 31.769 32.258
  MnO 1.225 1.310 1.320 1.350 1.310 1.270 1.360 1.350 1.330 1.310 1.400 1.265 1.320 1.320 1.350 1.430 1.300 1.380 1.340 1.370 1.360 1.370
  MgO 3.630 4.120 4.320 4.050 4.080 4.080 3.910 4.230 4.440 4.440 4.460 4.270 4.330 4.320 4.250 4.300 4.320 4.240 3.990 3.940 4.280 3.880
  CaO 4.030 3.940 3.360 4.080 3.700 4.040 3.880 3.690 3.400 3.810 3.810 3.900 4.090 3.390 3.870 3.800 3.910 3.760 3.900 3.410 3.580 3.760
Total 99.980 100.920 100.574 100.331 99.914 100.119 100.540 100.755 100.181 101.358 100.151 100.040 100.806 100.500 100.415 100.757 100.199 101.008 101.511 100.045 100.285 100.483
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 3.000 3.000 3.000 3.000 3.000 2.987 3.000 3.000 2.993 2.995 3.000 2.987 3.000 2.990 3.000 2.999 3.000 3.000 3.000 3.000 3.000
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.000 0.000 0.000 0.000 0.000 0.013 0.000 0.000 0.007 0.005 0.000 0.013 0.000 0.010 0.000 0.001 0.000 0.000 0.000 0.000 0.000
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.963 1.975 1.973 1.988 1.981 1.966 1.982 1.974 1.983 1.976 1.988 1.973 1.984 1.984 1.971 1.988 1.985 1.971 1.973 1.969 1.975 1.968
Fe3+(total) 0.000 0.004 0.000 0.007 0.017 0.000 0.047 0.015 0.000 0.039 0.024 0.009 0.046 0.011 0.038 0.006 0.018 0.010 0.021 0.004 0.012 0.012
Fe2+ (total) 2.158 2.107 2.128 2.088 2.114 2.104 2.104 2.106 2.101 2.068 2.052 2.087 2.045 2.118 2.076 2.082 2.070 2.103 2.120 2.162 2.105 2.140
Mg2+(total) 0.432 0.484 0.509 0.478 0.484 0.483 0.462 0.498 0.524 0.519 0.527 0.505 0.508 0.509 0.502 0.505 0.510 0.497 0.467 0.468 0.506 0.459
Y (vi) site: Al 1.963 1.975 1.973 1.988 1.981 1.966 1.969 1.974 1.983 1.968 1.982 1.973 1.971 1.984 1.961 1.988 1.983 1.971 1.973 1.969 1.975 1.968
   Ti 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.002 0.007 0.000 0.001 0.001 0.002 0.002 0.001 0.003
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.000
   Fe3+ 0.000 0.004 0.000 0.007 0.017 0.000 0.047 0.015 0.000 0.039 0.024 0.009 0.046 0.011 0.038 0.006 0.018 0.010 0.021 0.004 0.012 0.012
   Si 0.020 0.010 0.015 0.003 0.002 0.018 0.000 0.006 0.013 0.000 0.000 0.009 0.000 0.001 0.000 0.002 0.000 0.008 0.002 0.011 0.006 0.007
   Fe2+ 0.016 0.010 0.010 0.003 0.002 0.015 0.000 0.006 0.003 0.000 0.000 0.009 0.000 0.003 0.000 0.003 0.000 0.009 0.004 0.014 0.006 0.010
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.000 2.000 2.000 2.001 2.001 2.000 2.017 2.001 1.999 2.010 2.007 2.001 2.017 2.001 2.006 2.001 2.002 2.001 2.002 2.000 2.001 2.001
X-site (viii) Fe2+ 2.141 2.096 2.118 2.085 2.112 2.088 2.104 2.100 2.098 2.068 2.052 2.078 2.045 2.115 2.076 2.079 2.070 2.094 2.116 2.149 2.099 2.130
   Mn2+ 0.083 0.087 0.088 0.091 0.088 0.085 0.091 0.090 0.089 0.087 0.094 0.085 0.088 0.088 0.091 0.095 0.087 0.092 0.089 0.092 0.091 0.092
   Mg 0.432 0.484 0.509 0.478 0.484 0.483 0.462 0.498 0.524 0.519 0.527 0.505 0.508 0.509 0.502 0.505 0.510 0.497 0.467 0.468 0.506 0.459
   Ca 0.344 0.333 0.284 0.346 0.316 0.344 0.330 0.312 0.289 0.320 0.323 0.332 0.345 0.287 0.328 0.321 0.332 0.317 0.328 0.291 0.304 0.320
X-site (viii) total 3.000 3.000 3.000 3.000 3.000 3.000 2.987 3.000 3.000 2.994 2.995 3.000 2.987 3.000 2.997 3.000 2.999 3.000 3.000 3.000 3.000 3.000
Fe3+/(Fetot) 0.000 0.002 0.000 0.003 0.008 0.000 0.022 0.007 0.000 0.019 0.011 0.004 0.022 0.005 0.018 0.003 0.008 0.005 0.010 0.002 0.006 0.006
Mg/(Mg+Fetot) 0.167 0.186 0.193 0.186 0.185 0.187 0.177 0.190 0.200 0.198 0.202 0.194 0.196 0.193 0.192 0.195 0.196 0.191 0.179 0.178 0.193 0.176
Mg/(Mg+Fe2+) 0.167 0.187 0.193 0.186 0.186 0.187 0.180 0.191 0.200 0.201 0.204 0.195 0.199 0.194 0.195 0.195 0.198 0.191 0.180 0.178 0.194 0.177
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 71.373 69.877 70.610 69.504 70.393 69.605 70.124 70.009 69.933 68.936 68.390 69.271 68.169 70.502 69.199 69.292 69.005 69.786 70.547 71.618 69.970 70.988
Pyrope 14.388 16.126 16.963 15.938 16.142 16.094 15.402 16.585 17.475 17.290 17.550 16.840 16.949 16.976 16.725 16.835 17.003 16.581 15.556 15.598 16.854 15.293
Spessartine 2.758 2.913 2.945 3.018 2.945 2.847 3.044 3.007 2.974 2.898 3.130 2.835 2.936 2.947 3.018 3.181 2.907 3.066 2.968 3.082 3.043 3.068
Grossular 9.653 9.834 8.177 10.920 9.494 9.761 9.679 9.042 8.826 9.135 9.940 9.669 10.322 8.719 8.960 10.069 10.176 9.090 9.479 8.131 8.833 9.019
Andradite 0.000 0.212 0.000 0.337 0.836 0.000 1.221 0.739 0.000 1.437 0.797 0.456 1.184 0.567 1.614 0.310 0.822 0.511 1.048 0.211 0.622 0.621
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.040 0.038 0.000 0.000 0.000 0.332 0.000 0.038 0.000 0.000 0.000 0.000 0.000




Sample # QC 81-20 Grt 1
Analysis pt. # 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64
Wt%
  SiO2 37.644 37.573 37.887 37.877 37.998 37.937 37.775 38.160 37.796 37.846 37.968 38.018 37.532 37.937 37.745 37.877 37.988 37.593 37.735 38.170 37.917
  Al2O3 21.175 21.165 21.165 21.245 21.026 21.026 20.816 21.126 21.295 21.295 21.136 21.185 21.056 21.126 21.126 21.225 21.155 21.185 21.245 21.106 21.126
  TiO2 0.050 0.026 0.027 0.000 0.000 0.000 0.024 0.022 0.035 0.021 0.056 0.007 0.035 0.034 0.059 0.010 0.000 0.000 0.002 0.030 0.009
  V2O3
  Cr2O3 0.000 0.013 0.013 0.000 0.000 0.015 0.000 0.000 0.015 0.000 0.003 0.000 0.009 0.022 0.007 0.018 0.000 0.000 0.000 0.000 0.019
  Fe2O3 (calculated) 0.317 0.445 0.868 0.789 0.922 0.379 0.419 0.323 0.765 0.378 0.000 0.364 1.335 0.268 0.384 0.854 0.533 0.408 0.421 0.000 0.405
  FeO (calculated) 31.950 32.005 32.523 32.124 32.244 31.835 31.729 32.224 31.907 32.534 32.325 32.856 32.112 32.633 32.469 32.405 32.115 31.759 31.468 32.046 32.151
  MnO 1.440 1.470 1.510 1.490 1.470 1.470 1.410 1.480 1.430 1.460 1.480 1.380 1.510 1.460 1.410 1.450 1.440 1.340 1.330 1.300 1.200
  MgO 3.940 4.300 4.550 4.520 4.510 4.490 4.300 4.340 4.280 4.470 4.540 4.580 4.640 4.590 4.580 4.570 4.420 4.340 4.490 4.600 4.630
  CaO 3.610 2.960 2.470 2.810 2.860 3.150 3.410 3.270 3.310 2.570 2.390 2.380 2.340 2.420 2.440 2.560 3.100 3.200 3.360 3.200 2.910
Total 100.126 99.957 101.012 100.855 101.030 100.302 99.884 100.944 100.832 100.574 99.898 100.771 100.569 100.490 100.220 100.970 100.752 99.825 100.051 100.451 100.366
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  2.995 2.992 2.988 2.989 2.996 3.000 3.000 3.000 2.984 2.995 3.000 3.000 2.975 3.000 2.996 2.987 3.000 2.994 2.994 3.000 3.000
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.005 0.008 0.012 0.011 0.004 0.000 0.000 0.000 0.016 0.005 0.000 0.000 0.025 0.000 0.004 0.013 0.000 0.006 0.006 0.000 0.000
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.987 1.988 1.972 1.980 1.958 1.966 1.956 1.964 1.985 1.988 1.980 1.974 1.973 1.973 1.978 1.977 1.971 1.990 1.989 1.965 1.973
Fe3+(total) 0.019 0.027 0.052 0.047 0.055 0.023 0.025 0.019 0.045 0.023 0.000 0.022 0.080 0.016 0.023 0.051 0.032 0.024 0.025 0.000 0.024
Fe2+ (total) 2.126 2.131 2.145 2.120 2.126 2.110 2.114 2.124 2.107 2.153 2.151 2.170 2.128 2.161 2.156 2.137 2.121 2.115 2.088 2.117 2.128
Mg2+(total) 0.467 0.510 0.535 0.532 0.530 0.530 0.511 0.510 0.504 0.527 0.539 0.539 0.548 0.542 0.542 0.537 0.520 0.515 0.531 0.542 0.546
Y (vi) site: Al 1.982 1.980 1.960 1.968 1.954 1.966 1.956 1.964 1.969 1.982 1.980 1.974 1.948 1.973 1.975 1.964 1.971 1.984 1.983 1.965 1.973
   Ti 0.003 0.002 0.002 0.000 0.000 0.000 0.001 0.001 0.002 0.001 0.003 0.000 0.002 0.002 0.004 0.001 0.000 0.000 0.000 0.002 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001
   Fe3+ 0.019 0.027 0.052 0.047 0.055 0.023 0.025 0.019 0.045 0.023 0.000 0.022 0.080 0.016 0.023 0.051 0.032 0.024 0.025 0.000 0.024
   Si 0.000 0.000 0.000 0.000 0.000 0.006 0.009 0.008 0.000 0.000 0.021 0.003 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.016 0.001
   Fe2+ 0.000 0.000 0.000 0.000 0.000 0.006 0.010 0.009 0.000 0.000 0.000 0.003 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.017 0.002
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.004 2.009 2.014 2.015 2.009 2.002 2.002 2.002 2.018 2.006 2.004 2.002 2.030 2.001 2.002 2.016 2.003 2.008 2.008 2.000 2.002
X-site (viii) Fe2+ 2.126 2.131 2.145 2.120 2.126 2.103 2.103 2.115 2.107 2.153 2.151 2.167 2.128 2.155 2.156 2.137 2.121 2.115 2.088 2.100 2.126
   Mn2+ 0.097 0.099 0.101 0.100 0.098 0.099 0.095 0.099 0.096 0.098 0.100 0.092 0.101 0.098 0.095 0.097 0.096 0.090 0.089 0.087 0.080
   Mg 0.467 0.510 0.535 0.532 0.530 0.530 0.511 0.510 0.504 0.527 0.539 0.539 0.548 0.542 0.542 0.537 0.520 0.515 0.531 0.542 0.546
   Ca 0.308 0.253 0.209 0.238 0.242 0.267 0.291 0.276 0.280 0.218 0.204 0.201 0.199 0.205 0.208 0.216 0.262 0.273 0.286 0.271 0.247
X-site (viii) total 2.998 2.993 2.990 2.989 2.996 3.000 3.000 3.000 2.986 2.996 2.993 3.000 2.977 3.000 3.000 2.988 3.000 2.994 2.994 3.000 3.000
Fe3+/(Fetot) 0.009 0.012 0.023 0.022 0.025 0.011 0.012 0.009 0.021 0.010 0.000 0.010 0.036 0.007 0.011 0.023 0.015 0.011 0.012 0.000 0.011
Mg/(Mg+Fetot) 0.179 0.191 0.196 0.197 0.196 0.199 0.193 0.192 0.190 0.195 0.200 0.197 0.199 0.199 0.199 0.197 0.195 0.194 0.201 0.204 0.202
Mg/(Mg+Fe2+) 0.180 0.193 0.200 0.201 0.200 0.201 0.195 0.194 0.193 0.197 0.200 0.199 0.205 0.200 0.201 0.201 0.197 0.196 0.203 0.204 0.204
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 70.858 71.038 71.513 70.663 70.866 70.115 70.108 70.502 70.224 71.761 71.704 72.234 70.944 71.835 71.854 71.242 70.694 70.500 69.601 70.010 70.880
Pyrope 15.576 17.013 17.834 17.723 17.669 17.681 17.020 16.999 16.791 17.575 17.951 17.975 18.273 18.058 18.068 17.909 17.344 17.174 17.703 18.060 18.212
Spessartine 3.234 3.305 3.363 3.319 3.272 3.289 3.171 3.294 3.188 3.262 3.325 3.077 3.379 3.264 3.160 3.229 3.210 3.013 2.979 2.900 2.681
Grossular 9.344 7.534 5.093 6.517 5.667 7.101 7.408 7.331 8.072 6.423 6.124 5.315 4.462 5.406 5.570 5.615 7.180 8.409 8.749 7.295 6.768
Andradite 0.764 0.765 1.745 1.402 2.386 1.129 1.255 0.958 1.110 0.777 0.000 1.082 2.028 0.798 1.148 1.508 1.562 0.692 0.766 0.000 1.206
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.149 0.077 0.080 0.000 0.000 0.000 0.000 0.000 0.103 0.062 0.000 0.000 0.104 0.000 0.176 0.031 0.000 0.000 0.007 0.000 0.000




Sample # QC 81-20 Grt 1
Analysis pt. # 65 66 67 68 69 70 71 Avg
Wt%
  SiO2 37.846 38.130 37.887 38.190 37.826 37.978 38.241 37.933
  Al2O3 21.086 20.976 21.205 21.006 20.816 21.126 21.275 21.168
  TiO2 0.021 0.000 0.026 0.035 0.038 0.018 0.011 0.021
  V2O3
  Cr2O3 0.019 0.000 0.000 0.029 0.000 0.000 0.000 0.006
  Fe2O3 (calculated) 0.638 0.698 1.196 0.000 0.411 0.227 0.702 0.428
  FeO (calculated) 31.303 31.109 31.748 32.046 31.028 31.353 31.175 31.786
  MnO 1.180 1.247 1.206 1.116 1.269 1.185 1.219 1.331
  MgO 4.450 3.960 4.280 4.540 3.600 3.780 3.890 4.275
  CaO 3.780 4.810 3.690 3.190 5.100 4.790 4.990 3.587
Total 100.323 100.930 101.238 100.153 100.089 100.457 101.503 100.536
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  2.996 3.000 2.980 3.000 3.000 3.000 2.996 2.996
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.004 0.000 0.020 0.000 0.000 0.000 0.004 0.004
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.970 1.952 1.972 1.960 1.954 1.972 1.968 1.975
Fe3+(total) 0.038 0.041 0.071 0.000 0.025 0.014 0.041 0.025
Fe2+ (total) 2.072 2.050 2.088 2.124 2.064 2.076 2.043 2.103
Mg2+(total) 0.525 0.465 0.502 0.536 0.427 0.446 0.454 0.504
Y (vi) site: Al 1.966 1.952 1.952 1.960 1.954 1.972 1.964 1.971
   Ti 0.001 0.000 0.002 0.002 0.002 0.001 0.001 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.001 0.000 0.000 0.002 0.000 0.000 0.000 0.000
   Fe3+ 0.038 0.041 0.071 0.000 0.025 0.014 0.041 0.025
   Si 0.000 0.005 0.000 0.027 0.009 0.007 0.000 0.004
   Fe2+ 0.000 0.005 0.000 0.007 0.012 0.008 0.000 0.003
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.006 2.003 2.024 1.998 2.002 2.001 2.006 2.006
X-site (viii) Fe2+ 2.072 2.045 2.088 2.118 2.053 2.068 2.043 2.099
   Mn2+ 0.079 0.083 0.080 0.075 0.086 0.079 0.081 0.089
   Mg 0.525 0.465 0.502 0.536 0.427 0.446 0.454 0.504
   Ca 0.321 0.406 0.311 0.271 0.435 0.406 0.419 0.304
X-site (viii) total 2.997 3.000 2.982 3.000 3.000 3.000 2.997 2.996
Fe3+/(Fetot) 0.018 0.020 0.033 0.000 0.012 0.006 0.020 0.012
Mg/(Mg+Fetot) 0.199 0.182 0.189 0.202 0.170 0.176 0.179 0.191
Mg/(Mg+Fe2+) 0.202 0.185 0.194 0.202 0.171 0.177 0.182 0.193
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 69.070 68.177 69.616 70.590 68.425 68.937 68.094 69.972
Pyrope 17.503 15.509 16.729 17.882 14.233 14.870 15.146 16.799
Spessartine 2.638 2.776 2.678 2.497 2.851 2.649 2.696 2.973
Grossular 8.922 10.957 8.275 7.147 12.085 12.098 12.113 8.703
Andradite 1.641 2.070 2.014 0.000 1.230 0.677 1.818 0.980
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.063 0.000 0.078 0.000 0.000 0.000 0.033 0.034




Sample # QC 81-20 Grt 2
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Wt%
  SiO2 38.211 38.160 38.018 37.806 38.312 38.038 37.978 38.160 38.150 37.897 38.231 38.150 38.059 37.806 37.998 37.998 38.221 38.190 37.866 37.836 38.069
  Al2O3 21.066 21.126 21.046 21.305 21.225 21.146 21.245 20.866 20.956 21.165 21.245 21.126 21.016 20.906 21.175 21.235 21.006 21.155 20.956 21.245 21.036
  TiO2 0.000 0.000 0.042 0.000 0.014 0.025 0.025 0.034 0.015 0.002 0.026 0.024 0.020 0.025 0.014 0.000 0.020 0.000 0.037 0.010 0.000
  V2O3
  Cr2O3 0.000 0.000 0.001 0.000 0.000 0.000 0.014 0.022 0.001 0.000 0.000 0.000 0.000 0.009 0.006 0.000 0.000 0.010 0.004 0.000 0.000
  Fe2O3 (calculated) 0.636 0.168 0.605 1.251 0.220 0.416 0.833 0.000 0.033 0.579 0.000 0.526 0.091 0.000 0.000 0.517 0.222 0.000 0.373 1.191 0.527
  FeO (calculated) 30.715 30.269 30.225 30.481 32.397 31.902 32.234 32.615 32.325 32.004 32.076 32.091 31.935 31.727 30.350 30.862 32.196 32.206 31.830 31.763 32.180
  MnO 1.034 1.058 1.074 1.105 1.224 1.288 1.270 1.217 1.201 1.174 1.152 1.161 1.185 1.114 1.038 1.184 1.229 1.224 1.300 1.166 1.236
  MgO 4.040 4.070 4.070 4.420 4.580 4.730 4.520 4.300 4.590 4.580 4.740 4.820 4.810 4.670 4.260 4.240 4.740 4.720 4.690 4.770 4.640
  CaO 5.250 5.490 5.410 4.470 3.140 3.020 3.010 3.060 3.050 3.090 3.060 2.950 2.980 3.150 4.550 4.540 2.990 2.900 2.970 2.970 2.980
Total 100.952 100.341 100.490 100.838 101.112 100.565 101.130 100.274 100.321 100.491 100.530 100.848 100.095 99.405 99.392 100.577 100.623 100.405 100.027 100.951 100.668
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 3.000 3.000 2.975 3.000 3.000 2.988 3.000 3.000 2.997 3.000 3.000 3.000 3.000 3.000 2.998 3.000 3.000 3.000 2.979 3.000
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.000 0.000 0.025 0.000 0.000 0.012 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.021 0.000
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.956 1.966 1.961 1.982 1.966 1.969 1.974 1.951 1.956 1.975 1.974 1.962 1.963 1.965 1.984 1.977 1.954 1.970 1.963 1.977 1.960
Fe3+(total) 0.038 0.010 0.036 0.074 0.013 0.025 0.049 0.000 0.002 0.034 0.000 0.031 0.005 0.000 0.000 0.031 0.013 0.000 0.022 0.071 0.031
Fe2+ (total) 2.020 1.998 1.995 2.006 2.129 2.106 2.121 2.165 2.140 2.116 2.116 2.113 2.116 2.117 2.021 2.036 2.124 2.128 2.113 2.091 2.125
Mg2+(total) 0.474 0.479 0.479 0.519 0.536 0.557 0.530 0.509 0.542 0.540 0.557 0.566 0.568 0.555 0.506 0.499 0.558 0.556 0.555 0.560 0.546
Y (vi) site: Al 1.956 1.966 1.961 1.957 1.966 1.969 1.963 1.951 1.956 1.972 1.974 1.962 1.963 1.965 1.984 1.974 1.954 1.970 1.963 1.955 1.960
   Ti 0.000 0.000 0.003 0.000 0.001 0.001 0.001 0.002 0.001 0.000 0.002 0.001 0.001 0.001 0.001 0.000 0.001 0.000 0.002 0.001 0.000
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000
   Fe3+ 0.038 0.010 0.036 0.074 0.013 0.025 0.049 0.000 0.002 0.034 0.000 0.031 0.005 0.000 0.000 0.031 0.013 0.000 0.022 0.071 0.031
   Si 0.005 0.012 0.001 0.000 0.010 0.003 0.000 0.029 0.020 0.000 0.015 0.003 0.015 0.016 0.026 0.000 0.016 0.018 0.006 0.000 0.006
   Fe2+ 0.005 0.012 0.003 0.000 0.011 0.004 0.000 0.016 0.021 0.000 0.009 0.004 0.016 0.017 0.000 0.000 0.017 0.012 0.008 0.000 0.006
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.003 2.001 2.003 2.031 2.001 2.002 2.014 1.999 2.000 2.006 1.999 2.003 2.000 2.000 2.011 2.005 2.001 2.000 2.002 2.027 2.003
X-site (viii) Fe2+ 2.015 1.986 1.992 2.006 2.118 2.102 2.121 2.149 2.119 2.116 2.107 2.108 2.099 2.100 2.021 2.036 2.108 2.117 2.105 2.091 2.119
   Mn2+ 0.069 0.071 0.072 0.074 0.081 0.086 0.085 0.082 0.081 0.079 0.077 0.077 0.080 0.075 0.070 0.079 0.082 0.082 0.087 0.078 0.083
   Mg 0.474 0.479 0.479 0.519 0.536 0.557 0.530 0.509 0.542 0.540 0.557 0.566 0.568 0.555 0.506 0.499 0.558 0.556 0.555 0.560 0.546
   Ca 0.442 0.464 0.457 0.377 0.264 0.255 0.254 0.260 0.259 0.262 0.259 0.249 0.253 0.269 0.388 0.384 0.253 0.246 0.253 0.251 0.252
X-site (viii) total 3.000 3.000 3.000 2.975 3.000 3.000 2.990 3.000 3.000 2.997 3.000 3.000 3.000 3.000 2.985 2.998 3.000 3.000 3.000 2.979 3.000
Fe3+/(Fetot) 0.018 0.005 0.018 0.036 0.006 0.012 0.023 0.000 0.001 0.016 0.000 0.015 0.003 0.000 0.000 0.015 0.006 0.000 0.010 0.033 0.015
Mg/(Mg+Fetot) 0.187 0.193 0.191 0.200 0.200 0.207 0.196 0.190 0.202 0.201 0.208 0.209 0.211 0.208 0.200 0.194 0.207 0.207 0.206 0.206 0.202
Mg/(Mg+Fe2+) 0.190 0.193 0.194 0.205 0.201 0.209 0.200 0.190 0.202 0.203 0.208 0.211 0.212 0.208 0.200 0.197 0.208 0.207 0.208 0.211 0.204
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 67.171 66.198 66.395 66.865 70.594 70.062 70.706 71.638 70.634 70.544 70.239 70.272 69.983 70.005 67.377 67.869 70.253 70.553 70.164 69.704 70.639
Pyrope 15.788 15.965 15.963 17.284 17.881 18.553 17.673 16.960 18.058 17.995 18.577 18.854 18.935 18.512 16.858 16.621 18.584 18.533 18.502 18.659 18.204
Spessartine 2.296 2.359 2.392 2.455 2.715 2.871 2.822 2.727 2.684 2.621 2.566 2.581 2.651 2.508 2.335 2.637 2.738 2.730 2.914 2.592 2.754
Grossular 12.368 13.748 13.134 10.941 7.078 6.872 6.725 6.271 6.393 7.284 7.358 6.288 6.539 7.252 12.803 11.464 6.089 6.690 6.456 6.528 6.272
Andradite 1.883 0.498 1.796 1.621 0.650 1.234 1.617 0.000 0.099 1.438 0.000 1.558 0.271 0.000 0.000 1.327 0.659 0.000 1.114 1.791 1.566
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.075 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.031 0.000




Sample # QC 81-20 Grt 2
Analysis pt. # 22 23 24 25 26 27 28 29 30 31 32 33 34 35 Avg
Wt%
  SiO2 38.109 38.251 37.836 37.998 38.130 38.221 38.059 38.038 38.261 37.998 38.119 38.109 37.877 37.947 38.060
  Al2O3 20.976 21.235 20.886 20.976 21.066 21.185 21.116 21.136 21.245 21.225 21.006 21.056 21.056 20.996 21.097
  TiO2 0.020 0.000 0.032 0.000 0.005 0.000 0.009 0.000 0.011 0.000 0.012 0.019 0.000 0.028 0.013
  V2O3
  Cr2O3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.017 0.004 0.000 0.003
  Fe2O3 (calculated) 1.054 0.000 1.028 1.212 0.628 0.669 0.849 0.179 0.000 0.218 0.154 0.000 0.491 0.113 0.422
  FeO (calculated) 31.826 31.507 29.844 29.659 30.124 30.606 30.285 30.708 31.896 31.441 31.110 30.989 30.636 30.598 31.303
  MnO 1.193 1.081 1.158 1.250 1.084 1.102 1.047 1.105 1.132 1.177 1.089 1.092 1.279 1.117 1.158
  MgO 4.670 4.350 4.130 4.080 4.090 4.220 4.220 4.190 3.840 3.790 4.020 4.010 3.800 3.940 4.353
  CaO 3.300 4.170 5.380 5.650 5.530 5.040 5.190 4.830 4.530 4.720 4.850 4.890 5.140 5.190 4.098
Total 101.149 100.595 100.294 100.824 100.655 101.044 100.774 100.186 100.916 100.569 100.368 100.181 100.283 99.929 100.509
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  2.996 3.000 2.994 2.991 3.000 3.000 2.995 3.000 3.000 3.000 3.000 3.000 3.000 3.000 2.997
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.004 0.000 0.006 0.009 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.948 1.972 1.953 1.952 1.959 1.963 1.963 1.972 1.973 1.979 1.959 1.965 1.969 1.965 1.966
Fe3+(total) 0.062 0.000 0.061 0.072 0.037 0.040 0.050 0.011 0.000 0.013 0.009 0.000 0.029 0.007 0.025
Fe2+ (total) 2.092 2.077 1.975 1.952 1.984 2.009 1.993 2.032 2.102 2.079 2.058 2.053 2.031 2.032 2.068
Mg2+(total) 0.547 0.511 0.487 0.479 0.480 0.494 0.495 0.494 0.451 0.447 0.474 0.473 0.449 0.466 0.512
Y (vi) site: Al 1.944 1.972 1.946 1.943 1.959 1.963 1.958 1.972 1.973 1.979 1.959 1.965 1.969 1.965 1.963
   Ti 0.001 0.000 0.002 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.001 0.000 0.002 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000
   Fe3+ 0.062 0.000 0.061 0.072 0.037 0.040 0.050 0.011 0.000 0.013 0.009 0.000 0.029 0.007 0.025
   Si 0.000 0.015 0.000 0.000 0.003 0.000 0.000 0.009 0.015 0.005 0.015 0.018 0.002 0.013 0.008
   Fe2+ 0.000 0.012 0.000 0.000 0.004 0.000 0.000 0.009 0.011 0.005 0.016 0.014 0.002 0.014 0.007
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.008 2.000 2.009 2.015 2.003 2.003 2.008 2.001 2.000 2.001 2.001 2.000 2.002 2.001 2.005
X-site (viii) Fe2+ 2.092 2.065 1.975 1.952 1.981 2.009 1.993 2.022 2.091 2.075 2.042 2.038 2.029 2.017 2.060
   Mn2+ 0.079 0.072 0.078 0.083 0.072 0.073 0.070 0.074 0.076 0.079 0.073 0.073 0.086 0.075 0.077
   Mg 0.547 0.511 0.487 0.479 0.480 0.494 0.495 0.494 0.451 0.447 0.474 0.473 0.449 0.466 0.512
   Ca 0.278 0.352 0.456 0.477 0.467 0.424 0.438 0.409 0.382 0.400 0.411 0.415 0.436 0.441 0.347
X-site (viii) total 2.997 3.000 2.996 2.991 3.000 3.000 2.996 3.000 3.000 3.000 3.000 3.000 3.000 3.000 2.997
Fe3+/(Fetot) 0.029 0.000 0.030 0.035 0.018 0.019 0.025 0.005 0.000 0.006 0.004 0.000 0.014 0.003 0.012
Mg/(Mg+Fetot) 0.203 0.197 0.193 0.191 0.192 0.194 0.195 0.195 0.177 0.176 0.187 0.187 0.179 0.186 0.197
Mg/(Mg+Fe2+) 0.207 0.197 0.198 0.197 0.195 0.197 0.199 0.196 0.177 0.177 0.187 0.187 0.181 0.187 0.198
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 69.747 68.818 65.826 65.083 66.025 66.966 66.439 67.412 69.695 69.152 68.066 67.945 67.624 67.238 68.683
Pyrope 18.243 17.038 16.238 15.959 16.008 16.461 16.503 16.472 15.037 14.891 15.801 15.782 14.965 15.543 17.083
Spessartine 2.649 2.406 2.586 2.777 2.410 2.443 2.326 2.469 2.519 2.627 2.432 2.442 2.862 2.503 2.583
Grossular 6.330 10.372 12.415 13.036 13.335 12.128 12.411 12.180 11.405 12.228 11.616 12.101 12.885 12.941 9.712
Andradite 2.876 0.000 2.692 2.848 1.860 1.975 2.150 0.532 0.000 0.648 0.458 0.000 1.464 0.337 1.056
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.059 0.000 0.096 0.000 0.000 0.000 0.027 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008




Sample # WC 81-1
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Wt%
  SiO2 37.715 37.421 37.877 37.796 37.968 37.785 38.038 37.856 38.130 38.079 37.745 37.988 37.988 38.109 37.988 37.988 37.988 38.130 37.947 37.826 38.089
  Al2O3 21.046 20.916 20.836 20.956 20.786 20.986 21.086 21.036 21.026 20.906 20.876 21.086 21.006 21.136 21.096 20.946 20.996 21.016 20.876 20.976 20.926
  TiO2 0.000 0.044 0.017 0.033 0.014 0.008 0.024 0.017 0.028 0.029 0.032 0.058 0.031 0.035 0.015 0.032 0.052 0.025 0.029 0.001 0.000
  V2O3
  Cr2O3 0.000 0.000 0.038 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.017
  Fe2O3 (calculated) 0.143 1.452 0.539 1.145 0.518 0.362 0.301 0.690 0.000 0.631 1.013 0.745 0.760 0.684 0.318 0.526 0.000 0.363 0.286 0.858 0.656
  FeO (calculated) 30.700 29.692 30.563 30.128 30.432 30.293 30.618 30.348 30.979 30.750 30.187 30.487 30.634 30.772 30.673 30.535 30.430 30.801 30.372 30.495 30.448
  MnO 2.000 2.010 1.860 1.970 1.990 1.880 1.970 1.980 1.840 1.860 2.040 1.940 1.970 1.870 1.890 1.860 1.910 1.950 2.000 1.820 1.920
  MgO 2.750 3.200 3.110 3.080 3.090 3.170 3.100 3.120 3.060 3.190 3.210 3.260 3.190 3.260 3.220 3.280 3.220 3.250 3.220 3.150 3.260
  CaO 5.830 5.740 5.710 5.940 5.820 5.730 5.750 5.750 5.690 5.650 5.610 5.630 5.570 5.560 5.550 5.610 5.620 5.500 5.670 5.680 5.730
Total 100.184 100.475 100.550 101.047 100.619 100.215 100.887 100.796 100.752 101.113 100.721 101.195 101.148 101.426 100.749 100.777 100.215 101.043 100.401 100.806 101.046
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 2.974 3.000 2.988 3.000 3.000 3.000 2.997 3.000 3.000 2.992 2.995 2.999 2.998 3.000 3.000 3.000 3.000 3.000 2.996 3.000
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.026 0.000 0.012 0.000 0.000 0.000 0.003 0.000 0.000 0.008 0.005 0.001 0.002 0.000 0.000 0.000 0.000 0.000 0.004 0.000
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.978 1.966 1.952 1.958 1.946 1.969 1.966 1.966 1.962 1.948 1.955 1.963 1.958 1.963 1.969 1.956 1.966 1.957 1.955 1.962 1.950
Fe3+(total) 0.009 0.087 0.032 0.068 0.031 0.022 0.018 0.041 0.000 0.037 0.060 0.044 0.045 0.040 0.019 0.031 0.000 0.022 0.017 0.051 0.039
Fe2+ (total) 2.047 1.974 2.029 1.992 2.019 2.015 2.024 2.009 2.051 2.030 2.001 2.010 2.022 2.024 2.030 2.021 2.023 2.033 2.017 2.020 2.010
Mg2+(total) 0.327 0.379 0.368 0.363 0.365 0.376 0.365 0.368 0.361 0.375 0.379 0.383 0.375 0.382 0.380 0.387 0.381 0.382 0.381 0.372 0.384
Y (vi) site: Al 1.978 1.941 1.952 1.946 1.946 1.969 1.966 1.963 1.962 1.948 1.948 1.958 1.956 1.961 1.969 1.956 1.966 1.957 1.955 1.957 1.950
   Ti 0.000 0.003 0.001 0.002 0.001 0.000 0.001 0.001 0.002 0.002 0.002 0.003 0.002 0.002 0.001 0.002 0.003 0.002 0.002 0.000 0.000
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
   Fe3+ 0.009 0.087 0.032 0.068 0.031 0.022 0.018 0.041 0.000 0.037 0.060 0.044 0.045 0.040 0.019 0.031 0.000 0.022 0.017 0.051 0.039
   Si 0.007 0.000 0.007 0.000 0.012 0.005 0.007 0.000 0.019 0.006 0.000 0.000 0.000 0.000 0.006 0.006 0.019 0.010 0.013 0.000 0.007
   Fe2+ 0.007 0.000 0.008 0.000 0.013 0.006 0.009 0.000 0.018 0.008 0.000 0.000 0.000 0.000 0.007 0.008 0.011 0.011 0.015 0.000 0.007
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.001 2.030 2.003 2.016 2.003 2.002 2.001 2.005 2.000 2.003 2.011 2.005 2.004 2.003 2.002 2.003 1.999 2.002 2.001 2.009 2.003
X-site (viii) Fe2+ 2.040 1.974 2.021 1.992 2.006 2.009 2.016 2.009 2.033 2.022 2.001 2.010 2.022 2.024 2.023 2.013 2.011 2.022 2.002 2.020 2.003
   Mn2+ 0.135 0.135 0.125 0.132 0.134 0.127 0.132 0.133 0.123 0.124 0.137 0.130 0.132 0.125 0.127 0.125 0.129 0.130 0.134 0.122 0.128
   Mg 0.327 0.379 0.368 0.363 0.365 0.376 0.365 0.368 0.361 0.375 0.379 0.383 0.375 0.382 0.380 0.387 0.381 0.382 0.381 0.372 0.384
   Ca 0.498 0.489 0.486 0.503 0.495 0.488 0.487 0.488 0.483 0.478 0.477 0.476 0.471 0.469 0.471 0.476 0.479 0.465 0.482 0.482 0.485
X-site (viii) total 3.000 2.977 3.000 2.990 3.000 3.000 3.000 2.998 3.000 3.000 2.994 2.998 3.000 3.000 3.000 3.000 3.000 3.000 3.000 2.996 3.000
Fe3+/(Fetot) 0.004 0.042 0.016 0.033 0.015 0.011 0.009 0.020 0.000 0.018 0.029 0.022 0.022 0.020 0.009 0.015 0.000 0.010 0.008 0.025 0.019
Mg/(Mg+Fetot) 0.137 0.155 0.152 0.150 0.151 0.156 0.152 0.152 0.150 0.154 0.155 0.157 0.154 0.156 0.156 0.159 0.159 0.157 0.158 0.152 0.158
Mg/(Mg+Fe2+) 0.138 0.161 0.154 0.154 0.153 0.157 0.153 0.155 0.150 0.156 0.159 0.160 0.157 0.159 0.158 0.161 0.159 0.158 0.159 0.155 0.160
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 68.002 65.788 67.373 66.392 66.873 66.975 67.189 66.977 67.762 67.408 66.713 67.002 67.395 67.482 67.432 67.095 67.046 67.400 66.734 67.322 66.780
Pyrope 10.895 12.639 12.269 12.099 12.181 12.528 12.179 12.274 12.037 12.515 12.646 12.771 12.512 12.743 12.661 12.896 12.717 12.748 12.704 12.396 12.787
Spessartine 4.502 4.510 4.169 4.397 4.457 4.221 4.397 4.426 4.113 4.146 4.566 4.318 4.390 4.153 4.222 4.155 4.286 4.346 4.483 4.069 4.279
Grossular 15.479 13.741 13.664 14.121 13.660 14.629 14.469 14.315 14.173 13.194 13.219 13.609 13.336 13.493 14.053 13.517 14.283 13.264 13.753 13.875 13.492
Andradite 0.429 2.420 1.611 2.551 1.547 1.084 0.895 1.894 0.000 1.873 2.544 2.070 2.258 2.023 0.946 1.567 0.000 1.079 0.854 2.188 1.949
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.133 0.000 0.098 0.000 0.000 0.000 0.049 0.000 0.000 0.096 0.173 0.073 0.104 0.000 0.000 0.000 0.000 0.000 0.002 0.000




Sample # WC 81-1
Analysis pt. # 22 23 24 25 26 27 28 29 30 Avg
Wt%
  SiO2 38.130 37.907 37.755 37.806 37.947 38.130 38.049 37.917 37.927 37.934
  Al2O3 20.876 20.836 20.986 20.996 20.986 20.876 21.046 20.896 20.946 20.965
  TiO2 0.030 0.044 0.040 0.042 0.007 0.016 0.036 0.000 0.013 0.025
  V2O3
  Cr2O3 0.015 0.009 0.000 0.000 0.014 0.000 0.000 0.006 0.000 0.004
  Fe2O3 (calculated) 0.558 0.769 1.011 0.951 0.234 0.000 0.872 0.214 0.000 0.553
  FeO (calculated) 30.656 30.457 30.279 30.173 30.389 30.759 30.244 30.617 30.540 30.482
  MnO 1.920 1.900 1.870 2.080 1.910 1.840 2.130 1.930 1.950 1.935
  MgO 3.200 3.260 3.230 3.140 2.970 3.060 3.160 3.030 2.820 3.142
  CaO 5.710 5.600 5.660 5.750 6.060 5.860 5.850 5.750 5.890 5.716
Total 101.094 100.781 100.830 100.937 100.517 100.540 101.386 100.360 100.086 100.757
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 3.000 2.989 2.991 3.000 3.000 2.996 3.000 3.000 2.997
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.000 0.011 0.009 0.000 0.000 0.004 0.000 0.000 0.003
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.945 1.948 1.963 1.962 1.964 1.951 1.957 1.959 1.967 1.959
Fe3+(total) 0.033 0.046 0.060 0.057 0.014 0.000 0.052 0.013 0.000 0.033
Fe2+ (total) 2.024 2.017 2.004 1.996 2.017 2.040 1.991 2.036 2.037 2.019
Mg2+(total) 0.377 0.385 0.381 0.370 0.351 0.362 0.371 0.359 0.335 0.371
Y (vi) site: Al 1.945 1.948 1.951 1.953 1.964 1.951 1.953 1.959 1.967 1.956
   Ti 0.002 0.003 0.002 0.002 0.000 0.001 0.002 0.000 0.001 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
   Fe3+ 0.033 0.046 0.060 0.057 0.014 0.000 0.052 0.013 0.000 0.033
   Si 0.010 0.002 0.000 0.000 0.011 0.024 0.000 0.014 0.024 0.007
   Fe2+ 0.012 0.004 0.000 0.000 0.011 0.024 0.000 0.014 0.007 0.007
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.003 2.004 2.014 2.012 2.001 2.000 2.006 2.001 1.998 2.005
X-site (viii) Fe2+ 2.012 2.013 2.004 1.996 2.005 2.017 1.991 2.021 2.030 2.012
   Mn2+ 0.128 0.127 0.125 0.139 0.128 0.124 0.142 0.130 0.132 0.130
   Mg 0.377 0.385 0.381 0.370 0.351 0.362 0.371 0.359 0.335 0.371
   Ca 0.483 0.475 0.480 0.487 0.515 0.498 0.493 0.490 0.503 0.485
X-site (viii) total 3.000 3.000 2.991 2.993 3.000 3.000 2.998 3.000 3.000 2.998
Fe3+/(Fetot) 0.016 0.022 0.029 0.028 0.007 0.000 0.025 0.006 0.000 0.016
Mg/(Mg+Fetot) 0.155 0.157 0.156 0.153 0.147 0.151 0.154 0.149 0.141 0.153
Mg/(Mg+Fe2+) 0.157 0.160 0.160 0.156 0.148 0.151 0.157 0.150 0.141 0.155
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 67.069 67.085 66.814 66.535 66.838 67.221 66.379 67.371 67.663 67.071
Pyrope 12.553 12.828 12.705 12.343 11.710 12.060 12.363 11.970 11.174 12.363
Spessartine 4.279 4.248 4.179 4.645 4.279 4.120 4.735 4.332 4.390 4.327
Grossular 13.213 13.071 13.622 13.874 15.296 14.167 13.946 14.221 15.193 13.931
Andradite 1.658 2.290 2.260 2.247 0.698 0.000 2.396 0.640 0.000 1.466
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.119 0.123 0.000 0.000 0.108 0.000 0.000 0.036




Sample # QC 82-24a
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Wt%
  SiO2 37.261 37.391 37.492 37.572 37.291 37.572 37.582 37.502 37.552 37.331 37.462 37.572 37.582 37.572 37.713 37.562 37.633 37.522 37.693 37.482 37.502
  Al2O3 20.877 20.957 20.997 20.927 21.206 21.036 21.126 21.146 21.036 21.226 20.847 20.857 21.026 20.797 20.977 20.807 21.056 20.977 21.007 20.897 20.937
  TiO2 0.013 0.029 0.002 0.000 0.019 0.016 0.002 0.060 0.016 0.024 0.004 0.029 0.000 0.000 0.033 0.000 0.000 0.010 0.023 0.005 0.048
  V2O3
  Cr2O3 0.000 0.035 0.025 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.000
  Fe2O3 (calculated) 0.408 0.000 0.410 0.000 0.175 0.448 0.000 0.000 0.289 0.815 0.936 0.535 0.132 0.497 0.000 0.000 0.000 0.257 0.000 0.000 0.000
  FeO (calculated) 33.667 34.357 33.861 33.241 33.162 33.220 32.938 32.977 32.805 32.694 32.859 33.327 33.279 33.117 32.879 33.349 33.163 33.039 33.339 33.202 33.975
  MnO 1.720 1.810 1.770 1.740 1.800 1.860 1.890 2.040 2.030 1.980 2.020 1.980 1.740 2.100 2.080 2.070 1.990 2.090 1.990 1.990 1.940
  MgO 3.010 2.590 3.410 3.760 3.680 3.880 3.850 3.760 3.780 3.820 3.710 3.550 3.770 3.700 3.600 3.360 3.620 3.670 3.600 3.450 2.860
  CaO 2.960 2.590 2.420 2.430 2.390 2.280 2.310 2.440 2.590 2.460 2.560 2.570 2.480 2.410 2.450 2.540 2.480 2.480 2.450 2.540 2.740
Total 99.916 99.759 100.386 99.670 99.722 100.312 99.699 99.925 100.098 100.350 100.397 100.421 100.010 100.193 99.732 99.688 99.942 100.044 100.102 99.570 100.002
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  2.997 3.000 2.998 3.000 2.991 2.997 3.000 3.000 3.000 2.977 2.991 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.003 0.000 0.002 0.000 0.009 0.003 0.000 0.000 0.000 0.023 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.981 1.992 1.980 1.978 2.006 1.980 1.994 1.994 1.982 1.999 1.966 1.966 1.982 1.963 1.980 1.971 1.986 1.980 1.979 1.980 1.983
Fe3+(total) 0.025 0.000 0.025 0.000 0.011 0.027 0.000 0.000 0.017 0.049 0.056 0.032 0.008 0.030 0.000 0.000 0.000 0.015 0.000 0.000 0.000
Fe2+ (total) 2.265 2.321 2.264 2.230 2.225 2.216 2.207 2.206 2.192 2.180 2.194 2.226 2.226 2.215 2.206 2.243 2.220 2.211 2.230 2.234 2.285
Mg2+(total) 0.361 0.312 0.406 0.450 0.440 0.461 0.460 0.448 0.450 0.454 0.442 0.423 0.449 0.441 0.431 0.403 0.432 0.438 0.429 0.414 0.343
Y (vi) site: Al 1.978 1.992 1.978 1.978 1.997 1.977 1.994 1.994 1.982 1.976 1.957 1.966 1.982 1.963 1.980 1.971 1.986 1.980 1.979 1.980 1.983
   Ti 0.001 0.002 0.000 0.000 0.001 0.001 0.000 0.004 0.001 0.001 0.000 0.002 0.000 0.000 0.002 0.000 0.000 0.001 0.001 0.000 0.003
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.000 0.002 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Fe3+ 0.025 0.000 0.025 0.000 0.011 0.027 0.000 0.000 0.017 0.049 0.056 0.032 0.008 0.030 0.000 0.000 0.000 0.015 0.000 0.000 0.000
   Si 0.000 0.020 0.000 0.014 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.001 0.005 0.005 0.026 0.021 0.013 0.003 0.015 0.016 0.016
   Fe2+ 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.002 0.001 0.000 0.000 0.002 0.005 0.005 0.000 0.006 0.000 0.003 0.004 0.002 0.000
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.004 2.016 2.004 1.999 2.009 2.004 2.005 2.000 2.001 2.026 2.013 2.003 2.001 2.002 2.008 1.999 1.999 2.001 1.999 1.999 2.002
X-site (viii) Fe2+ 2.265 2.321 2.264 2.223 2.225 2.216 2.207 2.204 2.191 2.180 2.194 2.224 2.220 2.210 2.206 2.237 2.220 2.208 2.226 2.232 2.285
   Mn2+ 0.117 0.124 0.120 0.118 0.122 0.126 0.128 0.138 0.137 0.134 0.137 0.134 0.118 0.142 0.141 0.141 0.135 0.142 0.135 0.136 0.132
   Mg 0.361 0.312 0.406 0.450 0.440 0.461 0.460 0.448 0.450 0.454 0.442 0.423 0.449 0.441 0.431 0.403 0.432 0.438 0.429 0.414 0.343
   Ca 0.255 0.224 0.207 0.209 0.205 0.195 0.198 0.209 0.222 0.210 0.219 0.220 0.212 0.207 0.211 0.219 0.213 0.213 0.210 0.219 0.236
X-site (viii) total 2.998 2.981 2.998 3.000 2.992 2.998 2.994 3.000 3.000 2.978 2.991 3.000 3.000 3.000 2.989 3.000 3.000 3.000 3.000 3.000 2.996
Fe3+/(Fetot) 0.011 0.000 0.011 0.000 0.005 0.012 0.000 0.000 0.008 0.022 0.025 0.014 0.004 0.013 0.000 0.000 0.000 0.007 0.000 0.000 0.000
Mg/(Mg+Fetot) 0.136 0.118 0.151 0.168 0.164 0.171 0.172 0.169 0.169 0.169 0.164 0.158 0.168 0.164 0.163 0.152 0.163 0.164 0.161 0.156 0.130
Mg/(Mg+Fe2+) 0.137 0.118 0.152 0.168 0.165 0.172 0.172 0.169 0.170 0.172 0.168 0.160 0.168 0.166 0.163 0.152 0.163 0.165 0.161 0.156 0.130
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 75.494 77.362 75.468 74.107 74.154 73.864 73.570 73.472 73.025 72.673 73.132 74.117 74.009 73.670 73.537 74.572 74.009 73.597 74.201 74.388 76.173
Pyrope 12.031 10.396 13.548 14.990 14.668 15.378 15.329 14.948 15.006 15.136 14.719 14.088 14.980 14.704 14.353 13.430 14.402 14.593 14.307 13.793 11.430
Spessartine 3.906 4.128 3.995 3.941 4.076 4.189 4.276 4.608 4.579 4.458 4.553 4.464 3.928 4.742 4.712 4.701 4.498 4.722 4.494 4.520 4.405
Grossular 7.390 7.361 5.789 5.895 6.791 5.288 6.576 6.665 6.424 6.308 5.219 5.485 6.162 4.897 6.574 5.921 6.434 6.002 6.002 6.371 7.218
Andradite 1.073 0.000 1.037 0.000 0.000 1.160 0.000 0.000 0.869 0.626 2.070 1.609 0.396 1.495 0.000 0.000 0.000 0.773 0.000 0.000 0.000
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.041 0.000 0.005 0.000 0.056 0.047 0.000 0.000 0.000 0.071 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000




Sample # QC 82-24a
Analysis pt. # 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 Avg
Wt%
  SiO2 37.140 37.562 37.271 37.462 37.452 37.562 37.341 37.572 37.623 37.542 37.442 37.633 37.251 37.984 37.663 37.422 37.663 37.482 37.371 37.401 37.522 37.381 37.492 37.502
  Al2O3 20.797 20.977 20.837 20.947 20.817 20.907 21.146 20.847 21.176 21.216 20.887 21.056 21.026 21.096 20.847 20.907 21.007 20.807 20.897 20.947 20.777 20.847 20.777 20.960
  TiO2 0.050 0.027 0.015 0.028 0.000 0.000 0.000 0.000 0.000 0.012 0.007 0.003 0.003 0.000 0.014 0.000 0.008 0.024 0.001 0.000 0.009 0.000 0.011 0.012
  V2O3
  Cr2O3 0.011 0.000 0.000 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.000 0.025 0.000 0.000 0.000 0.000 0.005 0.000 0.005 0.000 0.033 0.000 0.002 0.004
  Fe2O3 (calculated) 0.298 0.000 0.522 0.000 0.422 0.399 0.000 0.353 0.302 0.000 0.082 0.000 0.746 0.000 0.000 0.050 0.000 0.000 0.004 0.000 0.000 0.103 0.415 0.195
  FeO (calculated) 33.648 33.349 33.280 33.623 33.576 33.401 33.437 33.050 33.028 32.899 33.246 33.241 32.853 32.928 33.378 33.745 33.535 34.191 34.021 33.691 33.760 33.579 33.523 33.351
  MnO 2.100 2.040 2.020 1.950 1.930 2.010 1.840 2.080 1.860 1.780 1.850 1.820 1.790 1.780 1.740 1.710 1.720 1.550 1.690 1.640 1.650 1.600 1.690 1.874
  MgO 2.900 3.210 3.330 3.190 3.300 3.470 3.250 3.490 3.690 3.750 3.650 3.790 3.860 3.730 3.770 3.490 3.530 3.250 2.760 2.800 2.650 3.180 3.060 3.444
  CaO 2.740 2.630 2.590 2.590 2.630 2.570 2.730 2.770 2.730 2.600 2.460 2.290 2.340 2.350 2.330 2.380 2.380 2.520 3.150 3.240 3.390 2.990 3.240 2.596
Total 99.684 99.795 99.865 99.789 100.127 100.336 99.744 100.163 100.409 99.799 99.623 99.858 99.870 99.869 99.742 99.703 99.847 99.823 99.899 99.719 99.790 99.680 100.210 99.938
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  2.998 3.000 2.996 3.000 3.000 3.000 3.000 3.000 2.997 3.000 3.000 3.000 2.985 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 2.998
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.002 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.980 1.985 1.977 1.984 1.970 1.972 2.002 1.968 1.990 2.000 1.978 1.986 1.989 1.984 1.969 1.981 1.983 1.972 1.983 1.988 1.972 1.978 1.965 1.981
Fe3+(total) 0.018 0.000 0.032 0.000 0.025 0.024 0.000 0.021 0.018 0.000 0.005 0.000 0.045 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.006 0.025 0.012
Fe2+ (total) 2.272 2.242 2.237 2.261 2.252 2.233 2.247 2.212 2.200 2.202 2.234 2.226 2.201 2.204 2.239 2.269 2.249 2.300 2.290 2.270 2.276 2.260 2.247 2.237
Mg2+(total) 0.349 0.385 0.399 0.382 0.395 0.414 0.389 0.416 0.438 0.447 0.437 0.452 0.461 0.445 0.451 0.418 0.422 0.390 0.331 0.336 0.318 0.381 0.366 0.412
Y (vi) site: Al 1.978 1.985 1.973 1.984 1.970 1.972 2.002 1.968 1.986 2.000 1.978 1.986 1.974 1.984 1.969 1.981 1.983 1.972 1.983 1.988 1.972 1.978 1.965 1.980
   Ti 0.003 0.002 0.001 0.002 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.001 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000
   Fe3+ 0.018 0.000 0.032 0.000 0.025 0.024 0.000 0.021 0.018 0.000 0.005 0.000 0.045 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.006 0.025 0.012
   Si 0.000 0.019 0.000 0.013 0.004 0.003 0.001 0.006 0.000 0.005 0.008 0.013 0.000 0.040 0.021 0.008 0.021 0.014 0.008 0.013 0.024 0.008 0.005 0.009
   Fe2+ 0.001 0.000 0.000 0.000 0.004 0.003 0.000 0.006 0.000 0.000 0.009 0.000 0.000 0.000 0.008 0.008 0.000 0.012 0.008 0.000 0.000 0.008 0.006 0.003
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.001 2.006 2.005 1.999 2.002 2.002 2.003 2.002 2.005 2.006 2.000 2.001 2.019 2.024 1.999 2.000 2.005 2.000 2.000 2.001 1.998 2.001 2.002 2.004
X-site (viii) Fe2+ 2.270 2.242 2.237 2.261 2.248 2.230 2.247 2.205 2.200 2.202 2.225 2.226 2.201 2.204 2.231 2.260 2.249 2.288 2.282 2.270 2.276 2.252 2.241 2.234
   Mn2+ 0.144 0.139 0.138 0.133 0.131 0.136 0.125 0.141 0.125 0.121 0.126 0.123 0.121 0.121 0.118 0.116 0.117 0.106 0.115 0.112 0.113 0.109 0.115 0.127
   Mg 0.349 0.385 0.399 0.382 0.395 0.414 0.389 0.416 0.438 0.447 0.437 0.452 0.461 0.445 0.451 0.418 0.422 0.390 0.331 0.336 0.318 0.381 0.366 0.412
   Ca 0.237 0.227 0.223 0.223 0.226 0.220 0.235 0.237 0.233 0.223 0.212 0.196 0.201 0.201 0.200 0.205 0.205 0.217 0.272 0.280 0.293 0.258 0.278 0.223
X-site (viii) total 3.000 2.992 2.997 3.000 3.000 3.000 2.997 3.000 2.997 2.993 3.000 2.998 2.985 2.971 3.000 3.000 2.993 3.000 3.000 2.998 2.999 3.000 3.000 2.996
Fe3+/(Fetot) 0.008 0.000 0.014 0.000 0.011 0.011 0.000 0.010 0.008 0.000 0.002 0.000 0.020 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.003 0.011 0.005
Mg/(Mg+Fetot) 0.132 0.146 0.150 0.145 0.148 0.155 0.148 0.157 0.165 0.169 0.163 0.169 0.170 0.168 0.168 0.155 0.158 0.145 0.126 0.129 0.123 0.144 0.139 0.155
Mg/(Mg+Fe2+) 0.133 0.146 0.151 0.145 0.149 0.156 0.148 0.158 0.166 0.169 0.164 0.169 0.173 0.168 0.168 0.156 0.158 0.145 0.126 0.129 0.123 0.144 0.140 0.155
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 75.681 74.727 74.580 75.382 74.946 74.343 74.902 73.508 73.342 73.403 74.172 74.195 73.379 73.455 74.361 75.346 74.978 76.254 76.062 75.667 75.854 75.054 74.711 74.475
Pyrope 11.633 12.822 13.302 12.749 13.151 13.784 12.978 13.877 14.606 14.915 14.572 15.079 15.368 14.832 15.025 13.941 14.069 12.988 11.040 11.209 10.614 12.717 12.189 13.720
Spessartine 4.786 4.630 4.585 4.428 4.370 4.536 4.174 4.699 4.183 4.022 4.196 4.114 4.049 4.022 3.940 3.881 3.895 3.519 3.841 3.730 3.755 3.635 3.825 4.243
Grossular 6.745 7.182 6.051 6.714 5.910 5.820 7.835 6.213 7.118 7.432 5.947 5.961 5.708 6.716 5.200 5.867 6.341 5.847 8.184 8.838 8.461 7.454 7.419 6.494
Andradite 0.906 0.000 1.339 0.000 1.273 1.199 0.000 1.064 0.649 0.000 0.248 0.000 0.980 0.000 0.000 0.150 0.000 0.000 0.012 0.000 0.000 0.312 1.253 0.466
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.088 0.000 0.046 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008




Sample # HP 82-63
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Wt%
  SiO2 37.914 38.005 38.135 38.085 38.266 38.236 38.135 38.256 38.115 38.115 38.336 38.165 38.075 38.306 38.125 38.246 38.185 38.226 38.447 38.286 38.376
  Al2O3 21.386 21.246 21.655 21.376 21.346 21.515 21.406 21.466 21.436 21.406 21.396 21.436 21.296 21.476 21.476 21.545 21.496 21.376 21.635 21.456 21.545
  TiO2 0.000 0.008 0.000 0.026 0.000 0.000 0.006 0.022 0.094 0.000 0.036 0.010 0.013 0.027 0.017 0.030 0.031 0.024 0.000 0.011 0.011
  V2O3
  Cr2O3 0.075 0.034 0.050 0.066 0.085 0.064 0.043 0.068 0.065 0.056 0.065 0.064 0.076 0.039 0.046 0.048 0.000 0.010 0.011 0.005 0.018
  Fe2O3 (calculated) 0.000 0.165 0.000 0.078 0.084 0.000 0.292 0.000 0.000 0.083 0.000 0.000 0.337 0.000 0.148 0.000 0.000 0.000 0.000 0.000 0.000
  FeO (calculated) 34.102 33.602 32.252 32.447 32.559 32.008 32.460 32.057 32.448 32.609 32.057 32.399 32.370 32.566 32.726 32.174 32.106 32.458 32.311 32.409 32.438
  MnO 1.250 1.018 0.963 0.962 1.014 0.932 0.904 0.848 0.811 0.860 0.787 0.805 0.884 0.792 0.697 0.745 0.797 0.729 0.757 0.786 0.876
  MgO 4.560 5.430 5.910 6.180 6.200 6.310 6.230 6.220 6.220 6.160 6.250 6.160 6.220 6.110 6.200 6.260 6.140 6.240 6.160 6.270 5.990
  CaO 0.912 0.889 0.877 0.879 0.873 0.854 0.878 0.881 0.973 0.871 0.943 0.913 0.926 0.908 0.874 0.868 0.888 0.859 0.893 0.873 0.869
Total 100.199 100.396 99.842 100.098 100.427 99.919 100.353 99.817 100.162 100.160 99.870 99.952 100.197 100.223 100.309 99.916 99.643 99.920 100.213 100.095 100.124
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 3.000 3.000 3.000 3.000 3.000 2.998 3.000 3.000 3.000 3.000 3.000 2.999 3.000 2.998 3.000 3.000 3.000 3.000 3.000 3.000
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 2.002 1.980 2.013 1.986 1.977 1.996 1.985 1.993 1.988 1.988 1.985 1.991 1.978 1.990 1.991 1.998 1.999 1.985 2.000 1.989 1.997
Fe3+(total) 0.000 0.010 0.000 0.005 0.005 0.000 0.017 0.000 0.000 0.005 0.000 0.000 0.020 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000
Fe2+ (total) 2.270 2.221 2.132 2.138 2.139 2.109 2.134 2.116 2.136 2.148 2.114 2.137 2.132 2.143 2.152 2.121 2.123 2.141 2.124 2.133 2.138
Mg2+(total) 0.541 0.640 0.696 0.726 0.726 0.741 0.730 0.732 0.730 0.723 0.735 0.724 0.730 0.717 0.727 0.736 0.724 0.734 0.722 0.736 0.704
Y (vi) site: Al 2.002 1.980 2.013 1.986 1.977 1.996 1.983 1.993 1.988 1.988 1.985 1.991 1.977 1.990 1.989 1.998 1.999 1.985 2.000 1.989 1.997
   Ti 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.001 0.006 0.000 0.002 0.001 0.001 0.002 0.001 0.002 0.002 0.001 0.000 0.001 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.005 0.002 0.003 0.004 0.005 0.004 0.003 0.004 0.004 0.004 0.004 0.004 0.005 0.002 0.003 0.003 0.000 0.001 0.001 0.000 0.001
   Fe3+ 0.000 0.010 0.000 0.005 0.005 0.000 0.017 0.000 0.000 0.005 0.000 0.000 0.020 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000
   Si 0.017 0.004 0.014 0.001 0.007 0.013 0.000 0.019 0.000 0.002 0.024 0.010 0.000 0.015 0.000 0.014 0.019 0.015 0.023 0.014 0.024
   Fe2+ 0.000 0.004 0.000 0.003 0.007 0.000 0.000 0.000 0.002 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.024 2.001 2.030 2.000 2.000 2.013 2.003 2.018 2.000 2.000 2.015 2.006 2.002 2.008 2.002 2.018 2.021 2.002 2.024 2.003 2.023
X-site (viii) Fe2+ 2.270 2.217 2.132 2.136 2.133 2.109 2.134 2.116 2.134 2.146 2.114 2.137 2.132 2.143 2.152 2.121 2.123 2.141 2.124 2.133 2.138
   Mn2+ 0.084 0.068 0.064 0.064 0.068 0.062 0.060 0.057 0.054 0.057 0.053 0.054 0.059 0.053 0.046 0.050 0.053 0.049 0.050 0.052 0.058
   Mg 0.541 0.640 0.696 0.726 0.726 0.741 0.730 0.732 0.730 0.723 0.735 0.724 0.730 0.717 0.727 0.736 0.724 0.734 0.722 0.736 0.704
   Ca 0.078 0.075 0.074 0.074 0.073 0.072 0.074 0.074 0.082 0.074 0.080 0.077 0.078 0.077 0.074 0.073 0.075 0.073 0.075 0.074 0.073
X-site (viii) total 2.972 3.000 2.966 3.000 3.000 2.985 2.998 2.979 3.000 3.000 2.981 2.992 2.999 2.989 2.999 2.979 2.975 2.996 2.972 2.995 2.973
Fe3+/(Fetot) 0.000 0.004 0.000 0.002 0.002 0.000 0.008 0.000 0.000 0.002 0.000 0.000 0.009 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000
Mg/(Mg+Fetot) 0.192 0.223 0.246 0.253 0.253 0.260 0.253 0.257 0.255 0.251 0.258 0.253 0.253 0.251 0.252 0.258 0.254 0.255 0.254 0.256 0.248
Mg/(Mg+Fe2+) 0.192 0.224 0.246 0.253 0.253 0.260 0.255 0.257 0.255 0.252 0.258 0.253 0.255 0.251 0.252 0.258 0.254 0.255 0.254 0.256 0.248
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 75.651 73.892 71.050 71.184 71.094 70.311 71.137 70.526 71.135 71.527 70.480 71.240 71.066 71.444 71.740 70.693 70.770 71.367 70.815 71.113 71.257
Pyrope 18.032 21.328 23.208 24.201 24.207 24.708 24.338 24.393 24.328 24.111 24.495 24.144 24.342 23.894 24.227 24.518 24.126 24.457 24.065 24.524 23.455
Spessartine 2.807 2.272 2.148 2.141 2.250 2.074 2.006 1.889 1.801 1.912 1.752 1.793 1.966 1.759 1.547 1.657 1.779 1.622 1.679 1.746 1.949
Grossular 2.356 1.469 2.321 1.742 1.280 2.202 1.587 2.271 2.160 1.807 2.453 2.373 1.387 2.430 1.903 2.294 2.508 1.906 2.472 2.135 2.389
Andradite 0.000 0.489 0.000 0.232 0.247 0.000 0.728 0.000 0.000 0.245 0.000 0.000 0.944 0.000 0.357 0.000 0.000 0.000 0.000 0.000 0.000
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.000 0.038 0.000 0.051 0.000 0.000 0.000 0.000 0.000 0.000




Sample # HP 82-63
Analysis pt. # 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43
Wt%
  SiO2 38.135 37.934 37.934 37.984 37.854 37.723 38.206 38.145 37.964 38.185 38.025 38.105 38.165 38.185 38.075 37.964 38.256 38.175 38.266 38.427 38.045 38.326
  Al2O3 21.426 21.346 21.236 21.186 21.476 21.076 21.316 21.396 21.476 21.466 21.396 21.476 21.386 21.396 21.416 21.376 21.486 21.386 21.555 21.555 21.296 21.416
  TiO2 0.024 0.000 0.011 0.000 0.009 0.023 0.013 0.000 0.019 0.007 0.029 0.000 0.009 0.009 0.064 0.078 0.012 0.018 0.000 0.037 0.019 0.026
  V2O3
  Cr2O3 0.035 0.031 0.038 0.095 0.081 0.117 0.039 0.058 0.010 0.055 0.003 0.057 0.029 0.111 0.139 0.109 0.053 0.085 0.111 0.058 0.066 0.119
  Fe2O3 (calculated) 0.000 0.000 0.352 0.049 0.000 0.090 0.000 0.000 0.439 0.000 0.272 0.000 0.000 0.000 0.000 0.145 0.000 0.000 0.000 0.000 0.443 0.000
  FeO (calculated) 32.693 32.869 33.502 33.951 32.996 34.541 32.752 32.840 32.504 32.243 32.390 32.155 32.664 32.272 32.752 32.866 32.390 32.252 32.115 31.978 32.970 32.282
  MnO 0.926 0.902 0.978 0.974 0.998 0.985 0.918 0.878 0.862 0.888 0.812 0.774 0.709 0.723 0.758 0.743 0.725 0.755 0.720 0.669 0.760 0.758
  MgO 5.710 5.780 5.490 5.250 5.440 4.750 5.850 5.990 6.130 6.290 6.320 6.220 6.240 6.180 6.100 6.050 6.070 6.270 6.220 6.230 5.990 6.050
  CaO 0.886 0.861 0.852 0.878 0.874 0.876 0.850 0.842 0.866 0.836 0.793 0.872 0.847 0.844 0.861 0.830 0.803 0.829 0.829 0.847 0.852 0.836
Total 99.835 99.724 100.393 100.367 99.728 100.181 99.942 100.148 100.269 99.971 100.038 99.658 100.050 99.720 100.163 100.161 99.794 99.770 99.816 99.802 100.439 99.812
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 3.000 2.999 3.000 3.000 3.000 3.000 3.000 2.989 3.000 2.997 3.000 3.000 3.000 3.000 2.994 3.000 3.000 3.000 3.000 2.996 3.000
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.003 0.000 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.004 0.000
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.996 1.994 1.980 1.977 2.008 1.978 1.984 1.988 1.995 1.992 1.989 1.998 1.986 1.990 1.988 1.988 1.997 1.988 2.000 1.998 1.978 1.989
Fe3+(total) 0.000 0.000 0.021 0.003 0.000 0.005 0.000 0.000 0.026 0.000 0.016 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.026 0.000
Fe2+ (total) 2.165 2.179 2.215 2.248 2.192 2.300 2.166 2.166 2.140 2.125 2.135 2.125 2.152 2.133 2.158 2.168 2.140 2.130 2.119 2.110 2.171 2.133
Mg2+(total) 0.674 0.683 0.647 0.620 0.644 0.564 0.690 0.704 0.720 0.739 0.742 0.733 0.733 0.728 0.717 0.711 0.715 0.738 0.732 0.733 0.703 0.713
Y (vi) site: Al 1.996 1.994 1.979 1.977 2.008 1.978 1.984 1.988 1.984 1.992 1.985 1.998 1.986 1.990 1.988 1.982 1.997 1.988 2.000 1.998 1.974 1.989
   Ti 0.001 0.000 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.000 0.002 0.000 0.001 0.001 0.004 0.005 0.001 0.001 0.000 0.002 0.001 0.002
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.002 0.002 0.002 0.006 0.005 0.007 0.002 0.004 0.001 0.003 0.000 0.004 0.002 0.007 0.009 0.007 0.003 0.005 0.007 0.004 0.004 0.007
   Fe3+ 0.000 0.000 0.021 0.003 0.000 0.005 0.000 0.000 0.026 0.000 0.016 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.026 0.000
   Si 0.020 0.007 0.000 0.007 0.007 0.003 0.021 0.008 0.000 0.009 0.000 0.012 0.007 0.018 0.000 0.000 0.023 0.015 0.019 0.031 0.000 0.029
   Fe2+ 0.000 0.000 0.000 0.007 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.020 2.003 2.003 2.000 2.020 2.000 2.008 2.000 2.012 2.005 2.003 2.014 2.000 2.016 2.001 2.002 2.024 2.009 2.027 2.035 2.005 2.027
X-site (viii) Fe2+ 2.165 2.179 2.215 2.241 2.192 2.295 2.166 2.166 2.140 2.125 2.135 2.125 2.148 2.133 2.158 2.168 2.140 2.130 2.119 2.110 2.171 2.133
   Mn2+ 0.062 0.061 0.065 0.065 0.067 0.066 0.061 0.059 0.058 0.059 0.054 0.052 0.047 0.048 0.051 0.050 0.048 0.050 0.048 0.045 0.051 0.051
   Mg 0.674 0.683 0.647 0.620 0.644 0.564 0.690 0.704 0.720 0.739 0.742 0.733 0.733 0.728 0.717 0.711 0.715 0.738 0.732 0.733 0.703 0.713
   Ca 0.075 0.073 0.072 0.074 0.074 0.075 0.072 0.071 0.073 0.071 0.067 0.074 0.072 0.072 0.073 0.070 0.068 0.070 0.070 0.072 0.072 0.071
X-site (viii) total 2.977 2.996 2.999 3.000 2.977 3.000 2.989 3.000 2.990 2.994 2.998 2.984 3.000 2.981 2.998 2.999 2.972 2.989 2.969 2.959 2.997 2.968
Fe3+/(Fetot) 0.000 0.000 0.009 0.001 0.000 0.002 0.000 0.000 0.012 0.000 0.007 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.012 0.000
Mg/(Mg+Fetot) 0.237 0.239 0.224 0.216 0.227 0.197 0.242 0.245 0.249 0.258 0.257 0.256 0.254 0.254 0.249 0.246 0.250 0.257 0.257 0.258 0.242 0.250
Mg/(Mg+Fe2+) 0.237 0.239 0.226 0.216 0.227 0.197 0.242 0.245 0.252 0.258 0.258 0.256 0.254 0.254 0.249 0.247 0.250 0.257 0.257 0.258 0.245 0.250
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 72.174 72.643 73.823 74.688 73.059 76.502 72.198 72.193 71.342 70.827 71.155 70.850 71.605 71.107 71.947 72.258 71.349 70.999 70.643 70.324 72.368 71.116
Pyrope 22.470 22.771 21.564 20.654 21.471 18.793 22.987 23.473 23.984 24.630 24.749 24.430 24.433 24.273 23.886 23.711 23.835 24.604 24.389 24.422 23.437 23.758
Spessartine 2.071 2.019 2.182 2.177 2.238 2.213 2.048 1.955 1.917 1.976 1.806 1.728 1.577 1.613 1.685 1.655 1.616 1.683 1.604 1.489 1.689 1.691
Grossular 2.397 2.291 1.273 1.320 2.223 1.376 2.095 1.806 1.856 2.182 1.478 2.283 1.686 2.037 1.928 1.432 2.100 2.073 1.990 2.205 1.099 1.986
Andradite 0.000 0.000 0.977 0.146 0.000 0.269 0.000 0.000 0.491 0.000 0.661 0.000 0.000 0.000 0.000 0.335 0.000 0.000 0.000 0.000 1.039 0.000
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.034 0.000 0.000 0.000 0.000 0.000 0.057 0.000 0.084 0.000 0.000 0.000 0.000 0.232 0.000 0.000 0.000 0.000 0.055 0.000




Sample # HP 82-63
Analysis pt. # 44 45 46 47 48 49 50 51 52 53 54 Avg
Wt%
  SiO2 38.145 38.196 38.336 38.135 38.246 38.065 38.045 37.884 38.025 37.994 37.814 38.130
  Al2O3 21.545 21.356 21.376 21.206 21.426 21.276 21.306 21.466 21.326 21.376 21.346 21.406
  TiO2 0.101 0.016 0.004 0.041 0.021 0.015 0.000 0.040 0.027 0.008 0.000 0.019
  V2O3
  Cr2O3 0.080 0.031 0.168 0.094 0.128 0.116 0.085 0.120 0.077 0.005 0.074 0.064
  Fe2O3 (calculated) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.055
  FeO (calculated) 32.487 32.957 32.781 33.133 32.390 32.957 33.143 33.456 33.515 33.613 34.249 32.726
  MnO 0.783 0.790 0.803 0.874 0.892 0.968 0.943 0.951 0.979 1.074 1.158 0.864
  MgO 5.960 6.030 6.070 5.600 5.790 5.540 5.370 5.290 5.450 4.930 4.730 5.904
  CaO 0.855 0.877 0.895 0.847 0.856 0.855 0.864 0.868 0.811 0.892 0.906 0.868
Total 99.958 100.253 100.432 99.931 99.748 99.791 99.756 100.074 100.210 99.892 100.277 100.036
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 2.999
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 2.001 1.982 1.979 1.978 1.994 1.987 1.992 2.004 1.988 2.000 1.998 1.991
Fe3+(total) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003
Fe2+ (total) 2.145 2.171 2.155 2.196 2.145 2.187 2.203 2.218 2.218 2.237 2.276 2.162
Mg2+(total) 0.702 0.708 0.711 0.662 0.684 0.655 0.636 0.625 0.643 0.585 0.560 0.695
Y (vi) site: Al 2.001 1.982 1.979 1.978 1.994 1.987 1.992 2.004 1.988 2.000 1.998 1.990
   Ti 0.006 0.001 0.000 0.002 0.001 0.001 0.000 0.002 0.002 0.000 0.000 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.005 0.002 0.010 0.006 0.008 0.007 0.005 0.008 0.005 0.000 0.005 0.004
   Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003
   Si 0.012 0.009 0.014 0.022 0.029 0.021 0.023 0.003 0.009 0.024 0.005 0.012
   Fe2+ 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.024 2.000 2.003 2.009 2.033 2.016 2.020 2.017 2.003 2.025 2.007 2.011
X-site (viii) Fe2+ 2.145 2.165 2.155 2.196 2.145 2.187 2.203 2.218 2.218 2.237 2.276 2.161
   Mn2+ 0.052 0.053 0.053 0.059 0.060 0.065 0.063 0.064 0.066 0.072 0.078 0.058
   Mg 0.702 0.708 0.711 0.662 0.684 0.655 0.636 0.625 0.643 0.585 0.560 0.695
   Ca 0.072 0.074 0.075 0.072 0.073 0.073 0.074 0.074 0.069 0.076 0.077 0.073
X-site (viii) total 2.972 3.000 2.995 2.988 2.962 2.981 2.976 2.981 2.995 2.971 2.991 2.987
Fe3+/(Fetot) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Mg/(Mg+Fetot) 0.246 0.246 0.248 0.232 0.242 0.231 0.224 0.220 0.225 0.207 0.198 0.243
Mg/(Mg+Fe2+) 0.246 0.246 0.248 0.232 0.242 0.231 0.224 0.220 0.225 0.207 0.198 0.243
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 71.514 72.172 71.837 73.205 71.513 72.917 73.422 73.941 73.936 74.572 75.868 72.029
Pyrope 23.386 23.603 23.711 22.055 22.788 21.849 21.205 20.840 21.432 19.496 18.677 23.164
Spessartine 1.747 1.758 1.782 1.957 1.995 2.168 2.117 2.128 2.188 2.413 2.598 1.927
Grossular 2.159 1.596 1.691 1.825 2.023 2.059 2.187 2.080 1.894 2.520 2.339 1.980
Andradite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.133
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.011




Sample # QC 02-42
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Wt%
  SiO2 37.864 37.964 37.703 37.924 38.497 37.924 37.924 37.964 38.055 38.025 37.994 38.236 38.165 38.085 38.165 38.216 38.306 38.175 38.366 38.145 38.256 38.045 38.125 38.035
  Al2O3 21.226 21.246 21.336 21.156 21.306 21.226 21.206 21.316 21.216 21.286 21.236 21.146 21.196 21.366 21.336 21.276 21.555 21.346 21.525 21.356 21.326 21.515 21.486 21.316
  TiO2 0.003 0.014 0.000 0.031 0.009 0.011 0.005 0.021 0.021 0.018 0.025 0.005 0.048 0.103 0.015 0.014 0.000 0.010 0.006 0.000 0.009 0.000 0.000 0.018
  V2O3
  Cr2O3 0.023 0.039 0.010 0.000 0.006 0.055 0.013 0.057 0.034 0.110 0.085 0.071 0.076 0.094 0.093 0.065 0.046 0.032 0.039 0.073 0.005 0.030 0.025 0.009
  Fe2O3 (calculated) 0.000 0.000 0.477 0.000 0.000 0.703 0.688 0.478 0.000 0.349 0.070 0.000 0.000 0.000 0.000 0.332 0.000 0.183 0.000 0.000 0.562 0.634 0.529 0.481
  FeO (calculated) 33.466 32.938 32.754 32.673 32.067 32.393 32.152 32.576 32.879 32.496 32.209 31.636 31.724 32.037 31.704 31.817 31.704 31.687 31.528 31.440 31.521 31.672 31.747 31.859
  MnO 1.710 1.610 1.460 1.380 1.410 1.370 1.420 1.410 1.580 1.470 1.360 1.340 1.310 1.290 1.360 1.280 1.300 1.300 1.300 1.290 1.310 1.229 1.300 1.290
  MgO 4.870 5.210 5.450 5.650 5.850 5.870 5.960 5.760 5.490 5.790 5.960 6.250 6.240 6.140 6.250 6.370 6.490 6.400 6.440 6.480 6.570 6.380 6.390 6.260
  CaO 0.891 0.931 0.887 0.880 0.882 0.869 0.888 0.892 0.868 0.920 0.971 0.948 1.006 0.918 0.973 0.969 0.934 0.972 0.927 0.961 0.931 0.939 0.885 0.915
Total 100.053 99.952 100.075 99.695 100.027 100.422 100.257 100.475 100.143 100.464 99.911 99.632 99.765 100.033 99.896 100.338 100.336 100.105 100.131 99.745 100.490 100.443 100.486 100.182
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 3.000 2.989 3.000 3.000 2.990 2.993 2.993 3.000 2.997 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 2.998 2.985 2.991 2.995
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.000 0.011 0.000 0.000 0.010 0.007 0.007 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.015 0.009 0.005
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.989 1.987 1.996 1.979 1.978 1.976 1.976 1.983 1.979 1.979 1.979 1.969 1.972 1.985 1.982 1.972 1.992 1.980 1.991 1.984 1.972 1.993 1.989 1.981
Fe3+(total) 0.000 0.000 0.028 0.000 0.000 0.042 0.041 0.028 0.000 0.021 0.004 0.000 0.000 0.000 0.000 0.020 0.000 0.011 0.000 0.000 0.033 0.037 0.031 0.028
Fe2+ (total) 2.227 2.188 2.171 2.170 2.118 2.136 2.122 2.148 2.177 2.142 2.130 2.093 2.096 2.113 2.091 2.090 2.079 2.085 2.071 2.073 2.066 2.079 2.083 2.098
Mg2+(total) 0.578 0.617 0.644 0.669 0.689 0.690 0.701 0.677 0.648 0.680 0.703 0.737 0.735 0.722 0.735 0.746 0.759 0.751 0.754 0.762 0.768 0.746 0.747 0.735
Y (vi) site: Al 1.989 1.987 1.985 1.979 1.978 1.966 1.968 1.975 1.979 1.975 1.979 1.969 1.972 1.985 1.982 1.972 1.992 1.980 1.991 1.984 1.970 1.978 1.979 1.976
   Ti 0.000 0.001 0.000 0.002 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.003 0.006 0.001 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.001 0.002 0.001 0.000 0.000 0.003 0.001 0.004 0.002 0.007 0.005 0.004 0.005 0.006 0.006 0.004 0.003 0.002 0.002 0.005 0.000 0.002 0.002 0.001
   Fe3+ 0.000 0.000 0.028 0.000 0.000 0.042 0.041 0.028 0.000 0.021 0.004 0.000 0.000 0.000 0.000 0.020 0.000 0.011 0.000 0.000 0.033 0.037 0.031 0.028
   Si 0.012 0.015 0.000 0.012 0.040 0.000 0.000 0.000 0.013 0.000 0.004 0.024 0.015 0.004 0.010 0.002 0.003 0.003 0.014 0.008 0.000 0.000 0.000 0.000
   Fe2+ 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.004 0.000 0.006 0.000 0.004 0.000 0.000 0.003 0.002 0.004 0.000 0.003 0.000 0.000 0.000 0.000
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.003 2.006 2.014 1.999 2.019 2.012 2.010 2.008 1.999 2.004 2.000 1.998 1.999 2.001 2.000 2.002 2.000 2.001 2.008 2.000 2.004 2.018 2.012 2.006
X-site (viii) Fe2+ 2.227 2.188 2.171 2.163 2.118 2.136 2.122 2.148 2.173 2.142 2.124 2.093 2.092 2.113 2.091 2.087 2.077 2.081 2.071 2.071 2.066 2.079 2.083 2.098
   Mn2+ 0.115 0.108 0.098 0.093 0.094 0.091 0.095 0.094 0.106 0.098 0.091 0.090 0.088 0.086 0.091 0.085 0.086 0.087 0.087 0.086 0.087 0.082 0.086 0.086
   Mg 0.578 0.617 0.644 0.669 0.689 0.690 0.701 0.677 0.648 0.680 0.703 0.737 0.735 0.722 0.735 0.746 0.759 0.751 0.754 0.762 0.768 0.746 0.747 0.735
   Ca 0.076 0.079 0.075 0.075 0.075 0.073 0.075 0.075 0.074 0.078 0.082 0.080 0.085 0.078 0.082 0.082 0.078 0.082 0.078 0.081 0.078 0.079 0.074 0.077
X-site (viii) total 2.996 2.992 2.989 3.000 2.976 2.991 2.993 2.994 3.000 2.998 3.000 3.000 3.000 2.999 2.999 3.000 3.000 3.000 2.990 3.000 2.998 2.985 2.991 2.996
Fe3+/(Fetot) 0.000 0.000 0.013 0.000 0.000 0.019 0.019 0.013 0.000 0.010 0.002 0.000 0.000 0.000 0.000 0.009 0.000 0.005 0.000 0.000 0.016 0.018 0.015 0.013
Mg/(Mg+Fetot) 0.206 0.220 0.226 0.236 0.245 0.241 0.245 0.237 0.229 0.239 0.248 0.260 0.260 0.255 0.260 0.261 0.267 0.264 0.267 0.269 0.268 0.261 0.261 0.257
Mg/(Mg+Fe2+) 0.206 0.220 0.229 0.236 0.245 0.244 0.248 0.240 0.229 0.241 0.248 0.260 0.260 0.255 0.260 0.263 0.267 0.265 0.267 0.269 0.271 0.264 0.264 0.259
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 74.225 72.931 72.380 72.116 70.597 71.205 70.730 71.584 72.417 71.390 70.804 69.755 69.743 70.433 69.714 69.575 69.222 69.361 69.047 69.029 68.860 69.283 69.419 69.940
Pyrope 19.254 20.564 21.468 22.296 22.958 23.001 23.371 22.562 21.598 22.674 23.418 24.565 24.497 24.062 24.498 24.868 25.285 25.020 25.141 25.393 25.584 24.878 24.907 24.497
Spessartine 3.841 3.610 3.268 3.094 3.144 3.050 3.164 3.138 3.532 3.271 3.036 2.992 2.922 2.873 3.029 2.838 2.878 2.888 2.883 2.872 2.898 2.722 2.879 2.868
Grossular 2.197 2.339 1.991 1.497 2.457 0.896 0.985 1.362 1.432 1.347 1.691 1.250 1.516 1.926 1.933 1.217 2.203 1.692 2.480 1.946 1.036 1.880 1.632 1.375
Andradite 0.000 0.000 0.488 0.000 0.000 1.346 1.461 0.908 0.000 0.844 0.209 0.000 0.000 0.000 0.000 0.981 0.000 0.541 0.000 0.000 1.529 0.660 0.769 1.115
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.000 0.000 0.000 0.034 0.015 0.063 0.000 0.055 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.025 0.000 0.000 0.053




Sample # QC 02-42
Analysis pt. # 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 Avg
Wt%
  SiO2 38.165 38.326 38.015 38.175 38.236 37.854 38.045 38.065 38.175 38.185 38.206 38.175 37.934 38.256 38.055 38.145 38.095 38.105 38.075 38.005 37.824 37.864 38.085 37.743 37.974 38.080
  Al2O3 21.106 21.236 21.336 21.505 21.316 21.386 21.416 21.346 21.246 21.256 21.116 21.186 21.296 21.296 21.306 21.226 21.406 21.246 21.286 21.356 21.176 21.206 21.186 21.196 21.346 21.296
  TiO2 0.009 0.050 0.020 0.000 0.000 0.000 0.011 0.009 0.000 0.000 0.031 0.029 0.001 0.025 0.021 0.016 0.000 0.000 0.003 0.006 0.000 0.000 0.009 0.000 0.020 0.013
  V2O3
  Cr2O3 0.018 0.000 0.000 0.024 0.061 0.034 0.015 0.014 0.030 0.007 0.000 0.017 0.044 0.080 0.030 0.044 0.067 0.040 0.093 0.039 0.012 0.014 0.037 0.056 0.029 0.039
  Fe2O3 (calculated) 0.466 0.023 0.856 0.000 0.000 1.131 0.200 0.000 0.470 0.672 0.624 0.639 0.810 0.000 0.377 0.000 0.000 0.251 0.264 0.000 0.000 0.000 0.000 0.150 0.000 0.253
  FeO (calculated) 31.980 32.251 31.502 31.567 31.528 31.352 31.750 31.342 31.820 31.589 31.710 31.883 31.484 31.616 31.962 31.783 31.851 32.370 32.641 32.732 32.908 32.879 33.084 33.410 33.055 32.097
  MnO 1.360 1.340 1.330 1.330 1.273 1.204 1.360 1.330 1.291 1.350 1.310 1.262 1.360 1.240 1.320 1.350 1.420 1.370 1.380 1.490 1.510 1.640 1.600 1.760 1.680 1.386
  MgO 6.240 6.160 6.320 6.370 6.240 6.340 6.180 6.290 6.270 6.390 6.380 6.280 6.320 6.220 6.130 6.120 6.080 5.950 5.760 5.460 5.270 5.210 5.190 4.960 4.890 5.991
  CaO 0.909 1.003 1.061 0.987 1.058 1.086 1.061 1.073 1.049 1.025 1.016 1.029 0.962 1.004 1.012 0.970 0.962 0.937 0.956 0.921 0.893 0.906 0.880 0.857 0.858 0.952
Total 100.254 100.389 100.439 99.959 99.712 100.387 100.037 99.469 100.351 100.474 100.393 100.499 100.211 99.738 100.213 99.655 99.881 100.268 100.457 100.008 99.593 99.719 100.071 100.132 99.852 100.106
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 3.000 2.986 3.000 3.000 2.975 2.998 3.000 3.000 2.997 3.000 2.998 2.987 3.000 2.998 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 2.997
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.000 0.014 0.000 0.000 0.025 0.002 0.000 0.000 0.003 0.000 0.002 0.013 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.961 1.967 1.979 1.995 1.982 1.986 1.990 1.989 1.971 1.969 1.958 1.964 1.980 1.980 1.980 1.978 1.991 1.975 1.978 1.993 1.987 1.988 1.979 1.987 1.999 1.981
Fe3+(total) 0.028 0.001 0.051 0.000 0.000 0.067 0.012 0.000 0.028 0.040 0.037 0.038 0.048 0.000 0.022 0.000 0.000 0.015 0.016 0.000 0.000 0.000 0.000 0.009 0.000 0.015
Fe2+ (total) 2.106 2.120 2.069 2.078 2.083 2.061 2.093 2.074 2.092 2.073 2.084 2.094 2.073 2.089 2.106 2.103 2.103 2.134 2.151 2.169 2.193 2.189 2.196 2.221 2.202 2.118
Mg2+(total) 0.733 0.722 0.740 0.748 0.735 0.743 0.726 0.742 0.735 0.748 0.747 0.735 0.742 0.732 0.720 0.722 0.716 0.699 0.677 0.645 0.626 0.618 0.614 0.588 0.581 0.705
Y (vi) site: Al 1.961 1.967 1.965 1.995 1.982 1.961 1.988 1.989 1.971 1.966 1.958 1.963 1.967 1.980 1.977 1.978 1.991 1.975 1.978 1.993 1.987 1.988 1.979 1.987 1.999 1.978
   Ti 0.001 0.003 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.002 0.002 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.001 0.000 0.000 0.001 0.004 0.002 0.001 0.001 0.002 0.000 0.000 0.001 0.003 0.005 0.002 0.003 0.004 0.002 0.006 0.002 0.001 0.001 0.002 0.004 0.002 0.002
   Fe3+ 0.028 0.001 0.051 0.000 0.000 0.067 0.012 0.000 0.028 0.040 0.037 0.038 0.048 0.000 0.022 0.000 0.000 0.015 0.016 0.000 0.000 0.000 0.000 0.009 0.000 0.015
   Si 0.006 0.013 0.000 0.005 0.020 0.000 0.000 0.012 0.001 0.000 0.002 0.000 0.000 0.022 0.000 0.019 0.008 0.004 0.001 0.011 0.014 0.014 0.023 0.001 0.024 0.008
   Fe2+ 0.006 0.016 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.001
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.002 2.000 2.017 2.002 2.006 2.031 2.002 2.003 2.002 2.006 2.003 2.003 2.017 2.008 2.003 2.000 2.003 2.001 2.001 2.006 2.002 2.003 2.005 2.001 2.026 2.006
X-site (viii) Fe2+ 2.100 2.105 2.069 2.078 2.083 2.061 2.093 2.074 2.091 2.073 2.080 2.094 2.073 2.089 2.106 2.103 2.103 2.130 2.151 2.169 2.193 2.189 2.196 2.221 2.202 2.117
   Mn2+ 0.091 0.089 0.088 0.089 0.085 0.080 0.091 0.089 0.086 0.090 0.087 0.084 0.091 0.083 0.088 0.090 0.095 0.091 0.092 0.100 0.102 0.111 0.108 0.119 0.113 0.093
   Mg 0.733 0.722 0.740 0.748 0.735 0.743 0.726 0.742 0.735 0.748 0.747 0.735 0.742 0.732 0.720 0.722 0.716 0.699 0.677 0.645 0.626 0.618 0.614 0.588 0.581 0.705
   Ca 0.077 0.084 0.089 0.083 0.090 0.091 0.090 0.091 0.088 0.086 0.086 0.087 0.081 0.085 0.085 0.082 0.081 0.079 0.081 0.078 0.076 0.077 0.075 0.073 0.073 0.080
X-site (viii) total 3.000 3.000 2.987 2.998 2.992 2.975 2.999 2.996 3.000 2.997 3.000 3.000 2.987 2.989 2.999 2.998 2.996 3.000 3.000 2.992 2.997 2.995 2.993 3.000 2.969 2.995
Fe3+/(Fetot) 0.013 0.001 0.024 0.000 0.000 0.031 0.006 0.000 0.013 0.019 0.017 0.018 0.023 0.000 0.011 0.000 0.000 0.007 0.007 0.000 0.000 0.000 0.000 0.004 0.000 0.007
Mg/(Mg+Fetot) 0.256 0.254 0.259 0.265 0.261 0.259 0.257 0.263 0.257 0.261 0.261 0.256 0.259 0.260 0.253 0.256 0.254 0.246 0.238 0.229 0.222 0.220 0.219 0.209 0.209 0.248
Mg/(Mg+Fe2+) 0.258 0.254 0.263 0.265 0.261 0.265 0.258 0.263 0.260 0.265 0.264 0.260 0.264 0.260 0.255 0.256 0.254 0.247 0.239 0.229 0.222 0.220 0.219 0.209 0.209 0.250
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 70.002 70.150 68.978 69.277 69.418 68.689 69.753 69.134 69.697 69.112 69.332 69.806 69.100 69.620 70.185 70.112 70.113 71.001 71.684 72.295 73.095 72.966 73.202 74.021 73.390 70.569
Pyrope 24.419 24.061 24.668 24.919 24.491 24.760 24.202 24.732 24.492 24.920 24.911 24.510 24.725 24.415 23.995 24.065 23.857 23.311 22.557 21.497 20.866 20.610 20.470 19.595 19.353 23.485
Spessartine 3.024 2.974 2.949 2.956 2.839 2.671 3.026 2.971 2.864 2.991 2.906 2.798 3.023 2.766 2.936 3.016 3.166 3.050 3.070 3.333 3.397 3.686 3.585 3.951 3.778 3.090
Grossular 0.503 1.182 1.459 2.614 2.463 1.676 2.394 2.694 1.366 1.126 0.625 0.860 1.282 2.328 1.667 1.788 2.470 1.347 1.541 2.483 2.071 2.220 1.834 1.736 2.351 1.722
Andradite 1.381 0.068 1.458 0.000 0.000 1.265 0.511 0.000 1.390 1.725 1.845 1.887 1.285 0.000 1.025 0.000 0.000 0.743 0.784 0.000 0.000 0.000 0.000 0.449 0.000 0.544
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.059 0.000 0.000 0.000 0.034 0.000 0.000 0.000 0.000 0.082 0.002 0.000 0.061 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010




Sample # QC 81-38
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Wt%
  SiO2 38.196 38.045 37.814 37.974 38.035 37.844 37.844 37.934 37.793 37.804 38.145 38.015 38.005 37.743 37.673 38.196 37.864 38.025 37.954 37.804
  Al2O3 21.146 21.146 21.186 21.056 21.216 21.096 21.176 21.196 21.126 20.727 21.146 21.046 21.106 21.146 20.907 21.046 20.997 21.136 21.017 21.017
  TiO2 0.025 0.000 0.029 0.005 0.001 0.004 0.012 0.013 0.034 0.035 0.047 0.000 0.028 0.005 0.000 0.000 0.034 0.000 0.011 0.022
  V2O3
  Cr2O3 0.000 0.000 0.000 0.021 0.000 0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.002 0.010 0.000 0.000 0.000 0.000 0.008 0.000
  Fe2O3 (calculated) 0.000 0.516 0.596 0.211 0.276 0.704 0.194 0.559 0.737 0.000 0.000 0.162 0.000 0.868 0.575 0.000 0.072 0.146 0.000 0.652
  FeO (calculated) 30.099 29.948 29.455 29.547 29.998 29.524 29.924 29.645 29.514 29.805 29.923 30.130 30.226 30.444 30.316 30.549 30.680 30.115 30.060 29.855
  MnO 1.289 1.211 1.259 1.261 1.175 1.253 1.300 1.200 1.300 1.224 1.300 1.300 1.330 1.264 1.202 1.300 1.171 1.111 1.202 1.151
  MgO 3.620 4.050 4.130 4.130 4.130 4.160 3.870 4.080 4.070 4.000 4.140 4.050 3.900 3.880 3.930 3.870 3.630 4.000 3.930 3.950
  CaO 5.420 5.540 5.580 5.640 5.410 5.500 5.560 5.650 5.570 5.420 5.160 5.300 5.200 5.070 5.080 5.390 5.440 5.540 5.510 5.590
Total 99.794 100.456 100.049 99.846 100.241 100.086 99.881 100.277 100.145 99.029 99.862 100.002 99.797 100.431 99.683 100.351 99.888 100.073 99.692 100.040
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 3.000 2.993 3.000 3.000 2.995 3.000 2.996 2.991 3.000 3.000 3.000 3.000 2.987 3.000 3.000 3.000 3.000 3.000 2.997
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.000 0.007 0.000 0.000 0.005 0.000 0.004 0.009 0.000 0.000 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.003
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.977 1.969 1.979 1.968 1.976 1.971 1.982 1.976 1.974 1.954 1.973 1.966 1.975 1.977 1.966 1.961 1.969 1.972 1.968 1.967
Fe3+(total) 0.000 0.031 0.035 0.013 0.016 0.042 0.012 0.033 0.044 0.000 0.000 0.010 0.000 0.052 0.034 0.000 0.004 0.009 0.000 0.039
Fe2+ (total) 2.002 1.976 1.949 1.958 1.982 1.954 1.986 1.958 1.953 1.994 1.984 1.997 2.008 2.015 2.020 2.020 2.041 1.993 1.998 1.980
Mg2+(total) 0.429 0.476 0.487 0.488 0.486 0.491 0.458 0.480 0.480 0.477 0.489 0.478 0.462 0.458 0.467 0.456 0.430 0.472 0.466 0.467
Y (vi) site: Al 1.977 1.969 1.971 1.968 1.976 1.966 1.982 1.972 1.965 1.954 1.973 1.966 1.975 1.964 1.966 1.961 1.969 1.972 1.968 1.964
   Ti 0.002 0.000 0.002 0.000 0.000 0.000 0.001 0.001 0.002 0.002 0.003 0.000 0.002 0.000 0.000 0.000 0.002 0.000 0.001 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000
   Fe3+ 0.000 0.031 0.035 0.013 0.016 0.042 0.012 0.033 0.044 0.000 0.000 0.010 0.000 0.052 0.034 0.000 0.004 0.009 0.000 0.039
   Si 0.037 0.002 0.000 0.009 0.004 0.000 0.003 0.000 0.000 0.024 0.024 0.012 0.019 0.000 0.001 0.020 0.012 0.010 0.017 0.000
   Fe2+ 0.000 0.002 0.000 0.010 0.004 0.000 0.004 0.000 0.000 0.019 0.000 0.012 0.002 0.000 0.001 0.019 0.014 0.010 0.014 0.000
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.016 2.003 2.009 2.001 2.001 2.008 2.001 2.006 2.011 1.999 1.999 2.001 1.998 2.017 2.003 2.000 2.000 2.001 2.000 2.005
X-site (viii) Fe2+ 2.002 1.974 1.949 1.949 1.977 1.954 1.982 1.958 1.953 1.975 1.984 1.984 2.006 2.015 2.019 2.000 2.027 1.984 1.984 1.980
   Mn2+ 0.087 0.081 0.084 0.085 0.079 0.084 0.087 0.080 0.087 0.083 0.087 0.087 0.090 0.085 0.081 0.087 0.079 0.074 0.081 0.077
   Mg 0.429 0.476 0.487 0.488 0.486 0.491 0.458 0.480 0.480 0.477 0.489 0.478 0.462 0.458 0.467 0.456 0.430 0.472 0.466 0.467
   Ca 0.462 0.468 0.473 0.479 0.458 0.466 0.473 0.478 0.472 0.465 0.438 0.450 0.443 0.430 0.434 0.457 0.464 0.470 0.469 0.475
X-site (viii) total 2.979 3.000 2.994 3.000 3.000 2.995 3.000 2.997 2.993 3.000 2.998 3.000 3.000 2.988 3.000 3.000 3.000 3.000 3.000 2.999
Fe3+/(Fetot) 0.000 0.015 0.018 0.006 0.008 0.021 0.006 0.017 0.022 0.000 0.000 0.005 0.000 0.025 0.017 0.000 0.002 0.004 0.000 0.019
Mg/(Mg+Fetot) 0.177 0.192 0.197 0.198 0.196 0.197 0.186 0.194 0.194 0.193 0.198 0.193 0.187 0.181 0.185 0.184 0.174 0.191 0.189 0.188
Mg/(Mg+Fe2+) 0.177 0.194 0.200 0.199 0.197 0.201 0.187 0.197 0.197 0.193 0.198 0.193 0.187 0.185 0.188 0.184 0.174 0.191 0.189 0.191
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 66.722 65.814 64.981 64.952 65.908 65.134 66.068 65.269 65.110 65.849 66.118 66.144 66.864 67.169 67.284 66.677 67.570 66.123 66.141 65.986
Pyrope 14.304 15.878 16.241 16.264 16.210 16.359 15.261 16.013 16.005 15.901 16.306 15.948 15.397 15.260 15.558 15.203 14.347 15.733 15.521 15.562
Spessartine 2.893 2.698 2.814 2.821 2.621 2.801 2.913 2.676 2.905 2.765 2.909 2.908 2.983 2.825 2.704 2.902 2.629 2.483 2.697 2.576
Grossular 15.171 13.922 14.391 14.296 14.012 13.836 14.786 14.498 14.043 13.196 13.438 13.279 13.571 12.735 12.603 13.266 13.866 14.248 14.070 13.933
Andradite 0.000 1.532 1.295 0.628 0.819 1.697 0.581 1.401 1.600 0.000 0.000 0.482 0.000 1.549 1.724 0.000 0.215 0.435 0.000 1.830
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.086 0.000 0.000 0.013 0.000 0.039 0.100 0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.066




Sample # QC 81-38
Analysis pt. # 21 22 23 24 25 26 27 28 29 30 31 32 33 34 Avg
Wt%
  SiO2 38.005 37.834 38.045 37.964 38.045 38.105 37.763 38.095 37.904 38.005 38.145 37.592 37.793 37.753 37.934
  Al2O3 21.126 20.877 21.076 21.196 21.196 21.046 21.086 21.196 20.927 21.146 20.967 20.907 20.977 21.096 21.072
  TiO2 0.013 0.057 0.046 0.037 0.005 0.014 0.022 0.013 0.016 0.006 0.006 0.011 0.000 0.016 0.017
  V2O3
  Cr2O3 0.000 0.075 0.000 0.003 0.000 0.002 0.028 0.000 0.000 0.029 0.000 0.000 0.055 0.000 0.007
  Fe2O3 (calculated) 0.207 0.413 0.012 0.201 0.000 0.043 0.253 0.000 0.352 0.000 0.000 0.936 0.666 0.206 0.281
  FeO (calculated) 30.021 29.962 30.568 30.016 29.825 29.864 29.548 30.128 29.890 30.011 30.755 29.923 30.244 30.266 30.023
  MnO 1.187 1.191 1.267 1.188 1.138 1.204 1.241 1.148 1.131 1.226 1.235 1.155 1.212 1.281 1.224
  MgO 4.010 3.970 3.780 4.040 4.010 4.120 4.130 4.030 4.070 4.010 3.750 3.870 3.780 3.810 3.968
  CaO 5.530 5.500 5.420 5.470 5.620 5.580 5.470 5.510 5.500 5.360 5.400 5.440 5.450 5.310 5.445
Total 100.098 99.879 100.214 100.116 99.838 99.979 99.542 100.120 99.790 99.793 100.257 99.833 100.177 99.739 99.971
Structural formula (in apfu) based on 12 oxygens
Z (iv) site: Si  3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 2.991 2.998 3.000 2.998
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  Al   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.002 0.000 0.002
Z (tet) site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Al (total) 1.972 1.956 1.967 1.977 1.979 1.964 1.977 1.975 1.960 1.977 1.957 1.965 1.964 1.979 1.970
Fe3+(total) 0.012 0.025 0.001 0.012 0.000 0.003 0.015 0.000 0.021 0.000 0.000 0.056 0.040 0.012 0.017
Fe2+ (total) 1.987 1.990 2.025 1.986 1.977 1.977 1.965 1.992 1.985 1.992 2.037 1.991 2.006 2.014 1.991
Mg2+(total) 0.473 0.470 0.446 0.476 0.474 0.486 0.489 0.475 0.482 0.474 0.443 0.459 0.447 0.452 0.469
Y (vi) site: Al 1.972 1.956 1.967 1.977 1.979 1.964 1.977 1.975 1.960 1.977 1.957 1.956 1.962 1.979 1.969
   Ti 0.001 0.003 0.003 0.002 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.000 0.001 0.001
   V3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Cr3+ 0.000 0.005 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.002 0.000 0.000 0.003 0.000 0.000
   Fe3+ 0.012 0.025 0.001 0.012 0.000 0.003 0.015 0.000 0.021 0.000 0.000 0.056 0.040 0.012 0.017
   Si 0.008 0.005 0.013 0.004 0.015 0.016 0.002 0.012 0.009 0.016 0.021 0.000 0.000 0.004 0.009
   Fe2+ 0.009 0.008 0.016 0.006 0.004 0.017 0.004 0.011 0.010 0.004 0.021 0.000 0.000 0.005 0.007
   Mg2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y (vi) site total 2.001 2.002 2.000 2.001 1.999 2.000 2.001 2.000 2.002 1.999 2.000 2.013 2.005 2.001 2.003
X-site (viii) Fe2+ 1.978 1.982 2.009 1.980 1.973 1.960 1.961 1.981 1.974 1.987 2.016 1.991 2.006 2.009 1.984
   Mn2+ 0.080 0.080 0.085 0.080 0.076 0.081 0.084 0.077 0.076 0.082 0.083 0.078 0.081 0.086 0.082
   Mg 0.473 0.470 0.446 0.476 0.474 0.486 0.489 0.475 0.482 0.474 0.443 0.459 0.447 0.452 0.469
   Ca 0.469 0.468 0.460 0.464 0.477 0.473 0.466 0.467 0.468 0.456 0.458 0.464 0.463 0.453 0.463
X-site (viii) total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 2.992 2.998 3.000 2.998
Fe3+/(Fetot) 0.006 0.012 0.000 0.006 0.000 0.001 0.008 0.000 0.010 0.000 0.000 0.027 0.019 0.006 0.008
Mg/(Mg+Fetot) 0.191 0.189 0.181 0.193 0.193 0.197 0.198 0.193 0.194 0.192 0.179 0.183 0.179 0.182 0.189
Mg/(Mg+Fe2+) 0.192 0.191 0.181 0.193 0.193 0.197 0.199 0.193 0.195 0.192 0.179 0.187 0.182 0.183 0.191
Calculated % 
garnet species Molecular percentages of endmembers
Almandine 65.947 66.062 66.958 66.007 65.753 65.330 65.367 66.039 65.810 66.250 67.204 66.370 66.877 66.971 66.142
Pyrope 15.770 15.668 14.877 15.883 15.793 16.205 16.316 15.836 16.058 15.813 14.760 15.301 14.900 15.063 15.633
Spessartine 2.651 2.670 2.834 2.654 2.545 2.691 2.785 2.563 2.536 2.747 2.761 2.595 2.713 2.877 2.740
Grossular 14.159 13.307 13.700 14.274 14.907 13.942 14.322 14.334 13.506 14.077 13.137 13.314 13.456 13.998 13.870
Andradite 0.616 1.236 0.036 0.598 0.000 0.129 0.756 0.000 1.050 0.000 0.000 2.113 1.811 0.616 0.728
Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Knorringite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al-Schorlomite 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.032 0.000 0.000 0.010
Uvarovite 0.000 0.236 0.000 0.009 0.000 0.006 0.088 0.000 0.000 0.091 0.000 0.000 0.173 0.000 0.023
106 
 






Sample # HP 82-88 B
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Avg
Wt%
  SiO2 38.099 37.931 37.555 37.792 37.762 37.495 36.377 36.516 36.219 35.507 35.982 36.081 35.883 35.744 36.179 35.991 36.695
  Al2O3 18.297 18.208 18.375 17.413 17.314 17.344 17.364 17.589 17.334 17.167 18.159 18.218 18.130 18.287 18.080 18.198 17.842
  TiO2 2.970 2.840 2.950 3.640 4.060 3.590 3.070 3.490 3.110 3.310 1.980 2.000 1.940 2.010 2.000 2.020 2.811
  Cr2O3 0.133 0.190 0.146 0.155 0.082 0.098 0.169 0.145 0.190 0.163 0.152 0.155 0.133 0.135 0.148 0.163 0.147
  Fe2O3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  FeO 11.443 11.701 11.546 10.501 10.656 11.070 13.646 13.812 13.998 14.350 15.291 15.374 15.416 15.478 15.829 15.902 13.501
  MnO 0.019 0.010 0.000 0.025 0.006 0.012 0.010 0.047 0.000 0.019 0.036 0.042 0.052 0.006 0.030 0.030 0.021
  MgO 16.010 16.010 15.860 16.050 15.950 15.800 14.180 13.780 13.620 13.090 13.510 13.470 13.640 12.420 12.580 12.770 14.296
  CaO 0.000 0.002 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  BaO 0.132 0.170 0.150 0.145 0.125 0.074 0.098 0.128 0.161 0.127 0.128 0.164 0.198 0.149 0.134 0.134 0.138
  Na2O 0.626 0.629 0.643 0.475 0.453 0.284 0.189 0.229 0.232 0.090 0.106 0.171 0.124 0.122 0.130 0.094 0.287
  K2O 8.263 8.065 8.187 9.006 8.978 9.100 9.411 9.401 9.383 9.119 9.185 9.383 8.856 9.467 9.430 9.063 9.018
  F 0.123 0.196 0.163 0.339 0.149 0.338 0.195 0.188 0.219 0.065 0.328 0.320 0.120 0.136 0.184 0.287 0.209
  Cl 0.010 0.013 0.014 0.011 0.007 0.012 0.011 0.006 0.015 0.016 0.012 0.010 0.002 0.014 0.014 0.013 0.011
  H2O (calculated) 4.097 4.048 4.046 3.953 4.050 3.928 3.913 3.942 3.879 3.891 3.827 3.846 3.922 3.875 3.881 3.831 3.933
Subtotal 100.221 100.012 99.635 99.505 99.599 99.145 98.632 99.273 98.360 96.912 98.695 99.233 98.415 97.842 98.619 98.496 98.912
  O=F,Cl 0.054 0.085 0.072 0.145 0.065 0.145 0.085 0.080 0.096 0.031 0.141 0.137 0.051 0.061 0.081 0.124 0.091
Total 100.167 99.927 99.563 99.359 99.534 99.000 98.547 99.193 98.265 96.881 98.554 99.096 98.364 97.782 98.538 98.372 98.821
Structural formula (in apfu) based on 22 anions
T (iv) site: Si  5.494 5.489 5.457 5.506 5.493 5.496 5.442 5.430 5.448 5.424 5.415 5.409 5.407 5.435 5.462 5.436 5.453
  Al   2.506 2.511 2.543 2.494 2.507 2.504 2.558 2.570 2.552 2.576 2.585 2.591 2.593 2.565 2.538 2.564 2.547
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
T site total 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Al (total) 3.110 3.105 3.147 2.990 2.968 2.996 3.062 3.083 3.073 3.091 3.221 3.219 3.220 3.277 3.217 3.239 3.126
R (vi) site: Al 0.604 0.594 0.604 0.495 0.461 0.492 0.504 0.512 0.520 0.515 0.635 0.628 0.626 0.713 0.680 0.675 0.579
   Ti 0.322 0.309 0.322 0.399 0.444 0.396 0.345 0.390 0.352 0.380 0.224 0.225 0.220 0.230 0.227 0.229 0.313
   Cr3+ 0.015 0.022 0.017 0.018 0.009 0.011 0.020 0.017 0.023 0.020 0.018 0.018 0.016 0.016 0.018 0.019 0.017
   Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Fe2+ 1.380 1.416 1.403 1.279 1.296 1.357 1.707 1.718 1.761 1.833 1.924 1.928 1.943 1.968 1.999 2.008 1.683
   Mn2+ 0.002 0.001 0.000 0.003 0.001 0.001 0.001 0.006 0.000 0.002 0.005 0.005 0.007 0.001 0.004 0.004 0.003
   Mg 3.442 3.454 3.435 3.486 3.459 3.452 3.163 3.055 3.054 2.981 3.031 3.010 3.064 2.815 2.831 2.875 3.163
R site vacancy 0.234 0.204 0.219 0.320 0.330 0.291 0.260 0.302 0.291 0.269 0.163 0.185 0.125 0.257 0.242 0.189 0.242
Y-site total 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
A (XII) site: Ca 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
    Ba 0.007 0.010 0.009 0.008 0.007 0.004 0.006 0.007 0.009 0.008 0.008 0.010 0.012 0.009 0.008 0.008 0.008
    Na 0.175 0.176 0.181 0.134 0.128 0.081 0.055 0.066 0.068 0.027 0.031 0.050 0.036 0.036 0.038 0.027 0.082
    K 1.52016 1.48887 1.51768 1.6738 1.6659 1.7016 1.7961 1.7834 1.8003 1.7771 1.7633 1.7944 1.7022 1.8365 1.8162 1.7461 1.711
A-site vacancy 0.297 0.325 0.293 0.184 0.198 0.213 0.143 0.143 0.122 0.189 0.198 0.146 0.250 0.119 0.138 0.219 0.199
A-site total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
X (anion) site: OH 3.941 3.907 3.922 3.841 3.929 3.840 3.905 3.910 3.892 3.964 3.841 3.846 3.942 3.931 3.909 3.860 3.899
   O 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   F 0.056 0.090 0.075 0.156 0.069 0.157 0.092 0.088 0.104 0.031 0.156 0.152 0.057 0.066 0.088 0.137 0.098
   Cl 0.003 0.003 0.003 0.003 0.002 0.003 0.003 0.001 0.004 0.004 0.003 0.003 0.001 0.004 0.004 0.003 0.003
anion-site total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Fe3+/(Fetot) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg/(Mg+Fetot) 0.714 0.709 0.710 0.732 0.727 0.718 0.649 0.640 0.634 0.619 0.612 0.610 0.612 0.589 0.586 0.589 0.653
Mg/(Mg+Fe2+) 0.714 0.709 0.710 0.732 0.727 0.718 0.649 0.640 0.634 0.619 0.612 0.610 0.612 0.589 0.586 0.589 0.653







Sample # HP 81-82 10-QCP-728-09
Analysis pt. # 1 2 3 4 5 6 Avg 1 2 3 4 5 6 7 8 9 10
Wt%
  SiO2 34.616 33.894 34.329 34.221 33.676 34.052 34.132 36.298 36.189 35.774 35.764 35.052 34.765 34.448 34.399 35.794 35.685
  Al2O3 14.260 14.015 13.975 13.887 13.808 14.064 14.001 15.006 15.105 15.075 15.134 16.224 16.205 16.735 16.352 14.810 14.918
  TiO2 3.870 3.790 4.590 4.240 4.010 3.730 4.038 3.530 3.300 4.010 3.570 2.980 3.040 2.820 3.210 4.110 4.140
  Cr2O3 0.076 0.044 0.028 0.000 0.065 0.062 0.046 0.000 0.022 0.022 0.010 0.008 0.018 0.022 0.004 0.009 0.000
  Fe2O3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  FeO 24.227 24.513 24.258 24.319 24.258 24.697 24.379 17.155 17.624 18.144 17.807 21.446 21.579 23.638 23.678 19.856 20.304
  MnO 0.082 0.042 0.058 0.075 0.103 0.100 0.077 0.084 0.004 0.000 0.034 0.063 0.046 0.030 0.014 0.023 0.000
  MgO 8.170 8.380 7.990 7.620 8.240 8.250 8.108 13.080 13.130 12.250 12.520 9.540 9.370 7.710 7.350 10.500 10.510
  CaO 0.000 0.002 0.000 0.005 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.005 0.044 0.040 0.000 0.000
  BaO 0.057 0.058 0.048 0.068 0.074 0.036 0.057 0.080 0.120 0.088 0.012 0.031 0.079 0.102 0.171 0.108 0.089
  Na2O 0.053 0.041 0.021 0.030 0.042 0.048 0.039 0.184 0.187 0.123 0.105 0.189 0.194 0.053 0.049 0.130 0.105
  K2O 8.809 8.780 8.799 9.091 9.241 8.620 8.890 9.571 9.543 9.458 9.420 9.204 9.204 9.439 9.524 9.684 9.655
  F 0.000 0.109 0.078 0.016 0.078 0.031 0.052 0.000 0.317 0.056 0.119 0.117 0.000 0.069 0.062 0.119 0.071
  Cl 0.208 0.198 0.206 0.208 0.214 0.212 0.208 0.104 0.100 0.113 0.110 0.117 0.109 0.055 0.059 0.106 0.114
  H2O (calculated) 3.724 3.633 3.677 3.674 3.629 3.673 3.668 3.917 3.769 3.867 3.823 3.773 3.813 3.775 3.759 3.803 3.833
Subtotal 98.152 97.499 98.059 97.453 97.439 97.573 97.696 99.009 99.408 98.979 98.429 98.743 98.426 98.940 98.670 99.051 99.425
  O=F,Cl 0.047 0.090 0.079 0.053 0.081 0.061 0.069 0.023 0.156 0.049 0.075 0.076 0.025 0.042 0.039 0.074 0.056
Total 98.106 97.409 97.979 97.399 97.357 97.513 97.627 98.986 99.253 98.930 98.354 98.668 98.401 98.898 98.631 98.977 99.369
Structural formula (in apfu) based on 22 anions
T (iv) site: Si  5.496 5.442 5.465 5.496 5.428 5.458 5.464 5.520 5.502 5.470 5.488 5.448 5.427 5.406 5.423 5.523 5.493
  Al   2.504 2.558 2.535 2.504 2.572 2.542 2.536 2.480 2.498 2.530 2.512 2.552 2.573 2.594 2.577 2.477 2.507
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
T site total 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Al (total) 2.669 2.652 2.622 2.628 2.623 2.657 2.642 2.690 2.707 2.717 2.737 2.972 2.982 3.095 3.038 2.693 2.707
R (vi) site: Al 0.165 0.095 0.087 0.124 0.051 0.115 0.106 0.210 0.209 0.187 0.225 0.420 0.409 0.501 0.462 0.216 0.200
   Ti 0.462 0.458 0.549 0.512 0.486 0.450 0.486 0.404 0.377 0.461 0.412 0.348 0.357 0.333 0.381 0.477 0.479
   Cr3+ 0.010 0.006 0.004 0.000 0.008 0.008 0.006 0.000 0.003 0.003 0.001 0.001 0.002 0.003 0.001 0.001 0.000
   Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Fe2+ 3.217 3.292 3.229 3.266 3.270 3.311 3.264 2.182 2.241 2.320 2.285 2.787 2.817 3.102 3.122 2.562 2.614
   Mn2+ 0.011 0.006 0.008 0.010 0.014 0.014 0.010 0.011 0.001 0.000 0.004 0.008 0.006 0.004 0.002 0.003 0.000
   Mg 1.934 2.006 1.896 1.824 1.980 1.971 1.935 2.965 2.976 2.792 2.864 2.210 2.181 1.804 1.727 2.415 2.412
R site vacancy 0.201 0.139 0.227 0.263 0.191 0.132 0.192 0.229 0.194 0.237 0.208 0.225 0.228 0.254 0.306 0.326 0.295
Y-site total 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
A (XII) site: Ca 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.007 0.007 0.000 0.000
    Ba 0.004 0.004 0.003 0.004 0.005 0.002 0.004 0.005 0.007 0.005 0.001 0.002 0.005 0.006 0.011 0.007 0.005
    Na 0.016 0.013 0.007 0.009 0.013 0.015 0.012 0.054 0.055 0.036 0.031 0.057 0.059 0.016 0.015 0.039 0.031
    K 1.7843 1.79861 1.78694 1.8625 1.9002 1.7628 1.816 1.85678 1.8509 1.8449 1.84417 1.82485 1.83306 1.8896 1.9155 1.9061 1.8962
A-site vacancy 0.196 0.185 0.204 0.123 0.082 0.220 0.168 0.084 0.087 0.113 0.124 0.116 0.103 0.080 0.052 0.049 0.067
A-site total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
X (anion) site: OH 3.944 3.891 3.905 3.936 3.902 3.927 3.917 3.973 3.822 3.944 3.914 3.912 3.971 3.951 3.953 3.914 3.936
   O 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   F 0.000 0.055 0.039 0.008 0.040 0.016 0.026 0.000 0.152 0.027 0.058 0.057 0.000 0.034 0.031 0.058 0.035
   Cl 0.056 0.054 0.056 0.057 0.059 0.058 0.056 0.027 0.026 0.029 0.029 0.031 0.029 0.015 0.016 0.028 0.030
anion-site total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Fe3+/(Fetot) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg/(Mg+Fetot) 0.375 0.379 0.370 0.358 0.377 0.373 0.372 0.576 0.570 0.546 0.556 0.442 0.436 0.368 0.356 0.485 0.480
Mg/(Mg+Fe2+) 0.375 0.379 0.370 0.358 0.377 0.373 0.372 0.576 0.570 0.546 0.556 0.442 0.436 0.368 0.356 0.485 0.480








Sample # 10-QCP-728-09 continued QC 82-4a
Analysis pt. # 11 12 13 14 Avg 1 2 3 4 5 6 Avg
Wt%
  SiO2 35.517 35.437 35.309 35.309 35.410 35.062 35.071 35.052 34.933 35.071 35.032 35.037
  Al2O3 14.889 14.849 14.761 14.594 15.333 14.702 14.987 14.987 14.702 14.712 14.604 14.782
  TiO2 4.090 4.180 4.160 4.200 3.667 3.980 3.950 3.910 4.260 3.970 4.070 4.023
  Cr2O3 0.041 0.001 0.000 0.019 0.013 0.059 0.028 0.055 0.031 0.043 0.025 0.040
  Fe2O3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  FeO 20.223 20.468 20.019 20.152 20.149 19.697 19.828 19.416 20.110 19.879 19.516 19.741
  MnO 0.020 0.025 0.000 0.014 0.025 0.000 0.000 0.034 0.000 0.000 0.036 0.012
  MgO 10.390 10.610 10.420 10.360 10.553 10.770 10.720 10.870 10.670 10.680 10.700 10.735
  CaO 0.000 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  BaO 0.135 0.096 0.030 0.139 0.091 0.800 0.852 0.882 0.796 0.685 0.762 0.796
  Na2O 0.130 0.074 0.079 0.091 0.121 0.071 0.058 0.084 0.082 0.069 0.087 0.075
  K2O 9.533 9.674 9.655 9.646 9.515 9.232 9.336 9.270 9.223 9.307 9.185 9.259
  F 0.182 0.111 0.071 0.071 0.097 0.094 0.195 0.102 0.164 0.047 0.133 0.122
  Cl 0.114 0.122 0.126 0.119 0.105 0.042 0.032 0.043 0.041 0.039 0.041 0.040
  H2O (calculated) 3.762 3.805 3.791 3.789 3.806 3.787 3.757 3.794 3.763 3.811 3.758 3.778
Subtotal 99.024 99.452 98.422 98.503 98.892 98.296 98.814 98.497 98.774 98.313 97.950 98.441
  O=F,Cl 0.102 0.074 0.058 0.057 0.065 0.049 0.089 0.052 0.078 0.029 0.065 0.060
Total 98.922 99.378 98.364 98.446 98.827 98.247 98.725 98.445 98.695 98.284 97.885 98.380
Structural formula (in apfu) based on 22 anions
T (iv) site: Si  5.494 5.465 5.490 5.495 5.475 5.472 5.452 5.455 5.439 5.473 5.482 5.462
  Al   2.506 2.535 2.510 2.505 2.525 2.528 2.548 2.545 2.561 2.527 2.518 2.538
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
T site total 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Al (total) 2.714 2.699 2.705 2.677 2.795 2.704 2.746 2.749 2.698 2.706 2.694 2.716
R (vi) site: Al 0.208 0.164 0.195 0.172 0.270 0.176 0.198 0.204 0.137 0.178 0.176 0.178
   Ti 0.476 0.485 0.486 0.492 0.426 0.467 0.462 0.458 0.499 0.466 0.479 0.472
   Cr3+ 0.005 0.000 0.000 0.002 0.002 0.007 0.003 0.007 0.004 0.005 0.003 0.005
   Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Fe2+ 2.616 2.640 2.603 2.623 2.608 2.571 2.578 2.527 2.619 2.594 2.554 2.574
   Mn2+ 0.003 0.003 0.000 0.002 0.003 0.000 0.000 0.004 0.000 0.000 0.005 0.002
   Mg 2.396 2.439 2.415 2.404 2.429 2.506 2.484 2.522 2.477 2.484 2.496 2.495
R site vacancy 0.297 0.268 0.300 0.306 0.262 0.273 0.275 0.278 0.265 0.272 0.287 0.275
Y-site total 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
A (XII) site: Ca 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
    Ba 0.008 0.006 0.002 0.008 0.006 0.049 0.052 0.054 0.049 0.042 0.047 0.049
    Na 0.039 0.022 0.024 0.028 0.036 0.022 0.018 0.025 0.025 0.021 0.026 0.023
    K 1.8811 1.9034 1.9152 1.9151 1.877 1.83802 1.8514 1.8405 1.8319 1.8527 1.8338 1.841
A-site vacancy 0.072 0.069 0.059 0.049 0.080 0.092 0.079 0.080 0.095 0.085 0.093 0.087
A-site total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
X (anion) site: OH 3.881 3.914 3.932 3.934 3.925 3.943 3.896 3.939 3.908 3.966 3.923 3.929
   O 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   F 0.089 0.054 0.035 0.035 0.047 0.046 0.096 0.050 0.081 0.023 0.066 0.060
   Cl 0.030 0.032 0.033 0.031 0.027 0.011 0.008 0.011 0.011 0.010 0.011 0.010
anion-site total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Fe3+/(Fetot) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg/(Mg+Fetot) 0.478 0.480 0.481 0.478 0.481 0.494 0.491 0.499 0.486 0.489 0.494 0.492
Mg/(Mg+Fe2+) 0.478 0.480 0.481 0.478 0.481 0.494 0.491 0.499 0.486 0.489 0.494 0.492








Sample # QC 81-20
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Wt%
  SiO2 35.598 35.789 35.598 35.598 35.508 35.498 35.658 35.748 35.288 35.799 35.718 35.929 35.528 35.568 35.568 35.678
  Al2O3 15.464 15.325 15.276 15.049 15.069 15.316 15.523 14.970 15.177 15.000 14.832 15.000 15.019 15.088 15.009 15.345
  TiO2 3.390 4.010 4.160 3.930 3.870 3.690 3.890 3.980 3.730 3.920 3.810 3.460 3.860 3.710 3.730 3.640
  Cr2O3 0.029 0.045 0.019 0.000 0.007 0.000 0.041 0.000 0.041 0.017 0.000 0.000 0.009 0.035 0.000 0.026
  Fe2O3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  FeO 19.695 19.715 19.445 19.345 19.365 19.054 20.327 20.527 20.787 19.305 18.563 18.764 18.784 18.864 18.754 19.184
  MnO 0.023 0.063 0.027 0.020 0.016 0.014 0.024 0.010 0.000 0.016 0.047 0.048 0.011 0.000 0.031 0.056
  MgO 10.570 10.110 10.080 10.440 10.270 10.200 9.830 9.830 9.780 11.240 11.340 11.410 11.160 11.260 11.080 10.840
  CaO 0.000 0.000 0.000 0.013 0.000 0.000 0.005 0.000 0.003 0.000 0.000 0.000 0.000 0.002 0.000 0.014
  BaO 0.240 0.193 0.152 0.149 0.205 0.143 0.146 0.207 0.178 0.100 0.106 0.102 0.109 0.168 0.150 0.181
  Na2O 0.062 0.088 0.079 0.086 0.123 0.068 0.112 0.104 0.107 0.086 0.143 0.096 0.087 0.103 0.107 0.087
  K2O 9.682 9.729 9.710 9.615 9.558 9.691 9.615 9.634 9.358 9.748 9.663 9.777 9.644 9.539 9.567 9.539
  F 0.000 0.183 0.072 0.175 0.056 0.064 0.111 0.103 0.000 0.079 0.056 0.056 0.254 0.000 0.000 0.251
  Cl 0.106 0.112 0.117 0.113 0.115 0.120 0.120 0.113 0.111 0.108 0.109 0.099 0.118 0.123 0.110 0.110
  H2O (calculated) 3.850 3.775 3.810 3.752 3.796 3.785 3.805 3.796 3.820 3.841 3.822 3.838 3.722 3.846 3.836 3.737
Subtotal 98.709 99.138 98.545 98.285 97.956 97.644 99.207 99.022 98.379 99.257 98.209 98.577 98.305 98.306 97.943 98.689
  O=F,Cl 0.024 0.102 0.057 0.099 0.049 0.054 0.074 0.069 0.025 0.058 0.048 0.046 0.134 0.028 0.025 0.130
Total 98.685 99.036 98.489 98.186 97.906 97.590 99.133 98.953 98.354 99.199 98.160 98.532 98.172 98.279 97.918 98.559
Structural formula (in apfu) based on 22 anions
T (iv) site: Si  5.506 5.516 5.510 5.525 5.529 5.536 5.500 5.534 5.499 5.497 5.526 5.539 5.502 5.501 5.519 5.508
  Al   2.494 2.484 2.490 2.475 2.471 2.464 2.500 2.466 2.501 2.503 2.474 2.461 2.498 2.499 2.481 2.492
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
T site total 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Al (total) 2.819 2.784 2.787 2.753 2.765 2.815 2.822 2.731 2.788 2.714 2.704 2.726 2.741 2.750 2.745 2.792
R (vi) site: Al 0.324 0.300 0.297 0.277 0.294 0.350 0.322 0.266 0.287 0.211 0.230 0.265 0.243 0.251 0.264 0.301
   Ti 0.394 0.465 0.484 0.459 0.453 0.433 0.451 0.463 0.437 0.453 0.443 0.401 0.450 0.431 0.435 0.423
   Cr3+ 0.004 0.006 0.002 0.000 0.001 0.000 0.005 0.000 0.005 0.002 0.000 0.000 0.001 0.004 0.000 0.003
   Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Fe2+ 2.547 2.541 2.517 2.511 2.521 2.485 2.622 2.658 2.709 2.479 2.402 2.419 2.433 2.440 2.434 2.477
   Mn2+ 0.003 0.008 0.004 0.003 0.002 0.002 0.003 0.001 0.000 0.002 0.006 0.006 0.001 0.000 0.004 0.007
   Mg 2.437 2.323 2.326 2.415 2.384 2.371 2.260 2.269 2.272 2.573 2.615 2.623 2.576 2.596 2.563 2.495
R site vacancy 0.290 0.357 0.369 0.335 0.345 0.359 0.337 0.343 0.290 0.281 0.303 0.286 0.295 0.277 0.299 0.294
Y-site total 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
A (XII) site: Ca 0.000 0.000 0.000 0.002 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.002
    Ba 0.015 0.012 0.009 0.009 0.013 0.009 0.009 0.013 0.011 0.006 0.006 0.006 0.007 0.010 0.009 0.011
    Na 0.019 0.026 0.024 0.026 0.037 0.021 0.033 0.031 0.032 0.026 0.043 0.029 0.026 0.031 0.032 0.026
    K 1.910 1.913 1.918 1.904 1.898 1.928 1.892 1.903 1.860 1.910 1.907 1.923 1.905 1.882 1.894 1.879
A-site vacancy 0.057 0.049 0.050 0.059 0.052 0.043 0.065 0.053 0.096 0.059 0.044 0.042 0.062 0.077 0.065 0.082
A-site total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
X (anion) site: OH 3.972 3.881 3.934 3.884 3.942 3.937 3.914 3.920 3.971 3.933 3.944 3.947 3.845 3.968 3.971 3.849
   O 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   F 0.000 0.089 0.035 0.086 0.027 0.031 0.054 0.051 0.000 0.039 0.027 0.027 0.125 0.000 0.000 0.122
   Cl 0.028 0.029 0.031 0.030 0.030 0.032 0.031 0.030 0.029 0.028 0.029 0.026 0.031 0.032 0.029 0.029
anion-site total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Fe3+/(Fetot) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg/(Mg+Fetot) 0.489 0.478 0.480 0.490 0.486 0.488 0.463 0.461 0.456 0.509 0.521 0.520 0.514 0.516 0.513 0.502
Mg/(Mg+Fe2+) 0.489 0.478 0.480 0.490 0.486 0.488 0.463 0.461 0.456 0.509 0.521 0.520 0.514 0.516 0.513 0.502








Sample # QC 81-20 continued WC 81-1
Analysis pt. # 17 18 19 Avg 20 21 22 23 24 25 Avg 1 2 3 4 5 6 Avg
Wt%
  SiO2 35.278 35.598 35.708 35.614 35.358 35.628 35.748 35.799 35.738 35.758 35.672 34.763 34.753 34.693 34.643 34.782 34.772 34.734
  Al2O3 15.286 15.177 15.335 15.172 14.842 15.128 15.069 15.266 15.286 15.246 15.139 14.772 14.624 14.743 14.545 14.684 14.693 14.677
  TiO2 3.190 3.300 2.890 3.693 4.100 4.000 4.260 3.580 3.490 4.000 3.905 4.460 4.370 4.710 4.890 4.900 4.610 4.657
  Cr2O3 0.014 0.034 0.000 0.017 0.024 0.006 0.036 0.003 0.000 0.000 0.011 0.022 0.000 0.017 0.000 0.001 0.000 0.007
  Fe2O3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  FeO 18.794 19.625 19.435 19.386 19.826 19.956 19.776 19.154 19.435 19.645 19.632 22.120 21.598 22.171 22.462 21.889 22.412 22.109
  MnO 0.024 0.000 0.035 0.024 0.015 0.004 0.000 0.049 0.048 0.011 0.021 0.060 0.038 0.095 0.031 0.027 0.056 0.051
  MgO 11.020 10.840 11.140 10.655 10.100 10.600 10.120 10.650 10.890 10.340 10.450 8.650 8.730 8.800 8.610 8.710 8.770 8.712
  CaO 0.022 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.005 0.000 0.012 0.003
  BaO 0.139 0.171 0.168 0.158 0.189 0.131 0.215 0.162 0.178 0.182 0.176 0.985 0.898 0.901 0.938 0.856 0.851 0.905
  Na2O 0.083 0.090 0.079 0.094 0.094 0.066 0.055 0.043 0.031 0.069 0.060 0.071 0.073 0.037 0.055 0.041 0.032 0.052
  K2O 9.577 9.415 9.539 9.611 9.644 9.577 9.701 9.787 9.729 9.815 9.709 9.329 9.348 9.262 9.234 9.301 9.348 9.304
  F 0.071 0.187 0.171 0.099 0.243 0.188 0.110 0.220 0.164 0.134 0.176 0.139 0.023 0.132 0.147 0.148 0.147 0.123
  Cl 0.107 0.106 0.111 0.112 0.117 0.118 0.130 0.125 0.128 0.110 0.121 0.061 0.057 0.067 0.062 0.061 0.068 0.062
  H2O (calculated) 3.778 3.748 3.761 3.796 3.702 3.772 3.800 3.742 3.776 3.799 3.765 3.741 3.775 3.753 3.739 3.745 3.747 3.750
Subtotal 97.382 98.292 98.372 98.433 98.253 99.174 99.019 98.579 98.894 99.111 98.838 99.173 98.287 99.382 99.361 99.144 99.518 99.144
  O=F,Cl 0.054 0.103 0.097 0.067 0.129 0.106 0.076 0.121 0.098 0.081 0.102 0.072 0.023 0.071 0.076 0.076 0.077 0.066
Total 97.328 98.189 98.275 98.366 98.124 99.068 98.944 98.458 98.796 99.030 98.737 99.101 98.264 99.312 99.285 99.068 99.440 99.078
Structural formula (in apfu) based on 22 anions
T (iv) site: Si  5.511 5.524 5.533 5.517 5.512 5.491 5.518 5.536 5.514 5.511 5.514 5.454 5.484 5.429 5.432 5.446 5.439 5.447
  Al   2.489 2.476 2.467 2.483 2.488 2.509 2.482 2.464 2.486 2.489 2.486 2.546 2.516 2.571 2.568 2.554 2.561 2.553
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
T site total 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Al (total) 2.814 2.776 2.800 2.770 2.727 2.748 2.741 2.782 2.780 2.770 2.758 2.732 2.720 2.719 2.688 2.709 2.709 2.713
R (vi) site: Al 0.326 0.300 0.333 0.286 0.239 0.239 0.259 0.319 0.294 0.281 0.272 0.185 0.203 0.148 0.119 0.155 0.147 0.160
   Ti 0.375 0.385 0.337 0.430 0.481 0.464 0.494 0.416 0.405 0.464 0.454 0.526 0.519 0.554 0.577 0.577 0.542 0.549
   Cr3+ 0.002 0.004 0.000 0.002 0.003 0.001 0.004 0.000 0.000 0.000 0.001 0.003 0.000 0.002 0.000 0.000 0.000 0.001
   Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Fe2+ 2.455 2.547 2.518 2.511 2.585 2.572 2.553 2.477 2.508 2.532 2.538 2.902 2.850 2.901 2.945 2.866 2.931 2.899
   Mn2+ 0.003 0.000 0.005 0.003 0.002 0.001 0.000 0.006 0.006 0.001 0.003 0.008 0.005 0.013 0.004 0.004 0.007 0.007
   Mg 2.566 2.508 2.573 2.460 2.347 2.435 2.329 2.455 2.505 2.376 2.408 2.023 2.054 2.053 2.012 2.033 2.045 2.037
R site vacancy 0.273 0.256 0.234 0.307 0.343 0.288 0.361 0.326 0.282 0.346 0.324 0.352 0.370 0.329 0.342 0.365 0.327 0.348
Y-site total 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
A (XII) site: Ca 0.004 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.002 0.001
    Ba 0.009 0.010 0.010 0.010 0.012 0.008 0.013 0.010 0.011 0.011 0.011 0.061 0.056 0.055 0.058 0.053 0.052 0.056
    Na 0.025 0.027 0.024 0.028 0.029 0.020 0.016 0.013 0.009 0.021 0.018 0.022 0.022 0.011 0.017 0.012 0.010 0.016
    K 1.909 1.864 1.885 1.899 1.918 1.883 1.910 1.931 1.915 1.930 1.914 1.867 1.882 1.849 1.847 1.858 1.865 1.861
A-site vacancy 0.054 0.099 0.081 0.062 0.042 0.089 0.060 0.047 0.065 0.038 0.057 0.051 0.040 0.084 0.078 0.077 0.071 0.067
A-site total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
X (anion) site: OH 3.937 3.880 3.887 3.922 3.849 3.878 3.912 3.860 3.886 3.906 3.882 3.915 3.973 3.917 3.910 3.911 3.909 3.923
   O 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   F 0.035 0.092 0.084 0.049 0.120 0.092 0.054 0.108 0.080 0.065 0.086 0.069 0.012 0.065 0.073 0.073 0.073 0.061
   Cl 0.028 0.028 0.029 0.029 0.031 0.031 0.034 0.033 0.033 0.029 0.032 0.016 0.015 0.018 0.016 0.016 0.018 0.017
anion-site total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Fe3+/(Fetot) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg/(Mg+Fetot) 0.511 0.496 0.505 0.495 0.476 0.486 0.477 0.498 0.500 0.484 0.487 0.411 0.419 0.414 0.406 0.415 0.411 0.413
Mg/(Mg+Fe2+) 0.511 0.496 0.505 0.495 0.476 0.486 0.477 0.498 0.500 0.484 0.487 0.411 0.419 0.414 0.406 0.415 0.411 0.413








Sample # QC 82-24a HP 82-63
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 Avg 1 2 3 4
Wt%
  SiO2 34.352 34.172 34.302 34.143 34.272 34.481 34.870 34.202 34.461 34.461 34.392 34.402 34.322 34.372 35.408 35.219 35.059 35.608
  Al2O3 15.118 15.196 15.186 15.440 15.460 15.763 16.438 15.382 15.401 15.842 15.519 15.372 15.832 15.535 17.632 17.701 18.376 17.632
  TiO2 4.110 4.200 4.160 3.690 4.640 4.210 3.130 3.900 4.010 2.980 3.590 3.540 3.450 3.816 2.790 2.880 2.520 2.660
  Cr2O3 0.011 0.012 0.000 0.000 0.000 0.004 0.041 0.043 0.035 0.029 0.011 0.006 0.000 0.015 0.164 0.147 0.092 0.113
  Fe2O3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  FeO 21.773 21.675 21.586 21.616 21.882 20.401 19.474 22.514 22.524 21.606 21.872 22.464 21.921 21.639 18.001 17.573 16.788 17.176
  MnO 0.000 0.057 0.004 0.021 0.080 0.021 0.042 0.025 0.032 0.072 0.033 0.003 0.057 0.034 0.000 0.000 0.014 0.049
  MgO 9.090 9.190 9.150 9.450 8.960 10.020 10.390 8.310 8.390 8.910 8.810 8.640 8.650 9.074 11.050 11.690 11.520 11.780
  CaO 0.000 0.000 0.000 0.013 0.000 0.000 0.005 0.000 0.003 0.000 0.000 0.000 0.000 0.002 0.022 0.000 0.000 0.000
  BaO 0.306 0.400 0.363 0.379 0.344 0.523 0.532 0.447 0.424 0.291 0.405 0.396 0.413 0.402 0.111 0.180 0.135 0.157
  Na2O 0.059 0.101 0.120 0.104 0.117 0.064 0.114 0.056 0.069 0.044 0.079 0.077 0.063 0.082 0.101 0.148 0.103 0.118
  K2O 9.598 9.427 9.313 9.332 9.437 9.418 9.408 9.465 9.532 9.380 9.513 9.532 9.532 9.453 9.190 9.076 9.104 9.228
  F 0.048 0.000 0.232 0.167 0.000 0.177 0.128 0.000 0.000 0.246 0.111 0.024 0.095 0.094 0.233 0.257 0.185 0.353
  Cl 0.120 0.118 0.115 0.133 0.128 0.077 0.090 0.119 0.134 0.118 0.143 0.130 0.139 0.120 0.047 0.040 0.046 0.050
  H2O (calculated) 3.754 3.778 3.666 3.690 3.807 3.752 3.778 3.759 3.780 3.642 3.710 3.752 3.719 3.738 3.801 3.803 3.817 3.760
Subtotal 98.340 98.326 98.197 98.178 99.126 98.913 98.441 98.222 98.794 97.620 98.189 98.337 98.193 98.375 98.549 98.713 97.759 98.682
  O=F,Cl 0.047 0.027 0.124 0.100 0.029 0.092 0.074 0.027 0.030 0.130 0.079 0.039 0.071 0.067 0.109 0.117 0.088 0.160
Total 98.293 98.300 98.073 98.078 99.098 98.821 98.367 98.195 98.764 97.490 98.109 98.298 98.122 98.308 98.440 98.596 97.671 98.522
Structural formula (in apfu) based on 22 anions
T (iv) site: Si  5.410 5.382 5.406 5.383 5.353 5.363 5.414 5.413 5.419 5.454 5.428 5.434 5.417 5.406 5.412 5.367 5.368 5.419
  Al   2.590 2.618 2.594 2.617 2.647 2.637 2.586 2.587 2.581 2.546 2.572 2.566 2.583 2.594 2.588 2.633 2.632 2.581
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
T site total 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Al (total) 2.806 2.821 2.821 2.869 2.846 2.889 3.008 2.869 2.854 2.955 2.887 2.861 2.945 2.879 3.176 3.179 3.316 3.163
R (vi) site: Al 0.217 0.203 0.226 0.253 0.199 0.252 0.422 0.282 0.273 0.410 0.315 0.295 0.361 0.285 0.589 0.546 0.684 0.582
   Ti 0.487 0.497 0.493 0.438 0.545 0.492 0.365 0.464 0.474 0.355 0.426 0.420 0.409 0.451 0.321 0.330 0.290 0.304
   Cr3+ 0.001 0.001 0.000 0.000 0.000 0.001 0.005 0.005 0.004 0.004 0.001 0.001 0.000 0.002 0.020 0.018 0.011 0.014
   Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Fe2+ 2.868 2.855 2.845 2.850 2.858 2.653 2.529 2.980 2.962 2.860 2.887 2.967 2.893 2.847 2.301 2.240 2.150 2.186
   Mn2+ 0.000 0.008 0.001 0.003 0.011 0.003 0.005 0.003 0.004 0.010 0.004 0.000 0.008 0.005 0.000 0.000 0.002 0.006
   Mg 2.134 2.158 2.150 2.221 2.086 2.323 2.405 1.960 1.967 2.102 2.073 2.034 2.035 2.127 2.518 2.656 2.629 2.673
R site vacancy 0.293 0.278 0.286 0.236 0.300 0.276 0.268 0.306 0.316 0.260 0.293 0.282 0.293 0.284 0.252 0.211 0.234 0.235
Y-site total 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
A (XII) site: Ca 0.000 0.000 0.000 0.002 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000
    Ba 0.019 0.025 0.022 0.023 0.021 0.032 0.032 0.028 0.026 0.018 0.025 0.024 0.026 0.025 0.007 0.011 0.008 0.009
    Na 0.018 0.031 0.037 0.032 0.035 0.019 0.034 0.017 0.021 0.014 0.024 0.024 0.019 0.025 0.030 0.044 0.031 0.035
    K 1.929 1.894 1.872 1.877 1.880 1.869 1.864 1.911 1.912 1.894 1.915 1.921 1.919 1.897 1.792 1.764 1.778 1.792
A-site vacancy 0.034 0.050 0.069 0.065 0.063 0.080 0.069 0.044 0.040 0.074 0.035 0.031 0.036 0.053 0.168 0.181 0.183 0.164
A-site total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
X (anion) site: OH 3.944 3.969 3.854 3.881 3.966 3.893 3.913 3.968 3.964 3.845 3.906 3.953 3.915 3.921 3.875 3.866 3.898 3.817
   O 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   F 0.024 0.000 0.116 0.083 0.000 0.087 0.063 0.000 0.000 0.123 0.056 0.012 0.047 0.047 0.113 0.124 0.090 0.170
   Cl 0.032 0.031 0.031 0.035 0.034 0.020 0.024 0.032 0.036 0.032 0.038 0.035 0.037 0.032 0.012 0.010 0.012 0.013
anion-site total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Fe3+/(Fetot) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg/(Mg+Fetot) 0.427 0.430 0.430 0.438 0.422 0.467 0.487 0.397 0.399 0.424 0.418 0.407 0.413 0.428 0.523 0.543 0.550 0.550
Mg/(Mg+Fe2+) 0.427 0.430 0.430 0.438 0.422 0.467 0.487 0.397 0.399 0.424 0.418 0.407 0.413 0.428 0.523 0.543 0.550 0.550





Sample # HP 82-63 continued QC 02-42
Analysis pt. # 5 6 7 8 9 10 11 12 13 Avg 1 2 3 4 5 6 Avg
Wt%
  SiO2 35.627 35.368 35.916 35.627 36.016 36.016 35.727 35.408 35.976 35.795 35.916 36.195 36.315 36.335 36.355 36.475 36.265
  Al2O3 17.515 17.936 17.427 17.084 16.810 17.368 18.131 17.613 18.024 17.505 18.347 18.337 18.513 18.816 18.738 18.669 18.570
  TiO2 2.590 2.740 3.200 3.950 3.020 2.620 2.530 2.340 2.280 2.790 1.970 2.000 1.910 1.990 1.840 1.690 1.900
  Cr2O3 0.120 0.120 0.337 0.335 0.293 0.290 0.100 0.117 0.042 0.196 0.167 0.158 0.207 0.183 0.206 0.164 0.181
  Fe2O3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
  FeO 17.344 17.434 13.488 14.621 16.062 15.734 17.663 17.434 17.215 16.455 16.220 15.520 16.420 16.120 15.810 16.030 16.020
  MnO 0.018 0.051 0.000 0.039 0.013 0.011 0.000 0.013 0.049 0.021 0.000 0.008 0.054 0.019 0.018 0.011 0.018
  MgO 12.090 11.940 13.700 12.970 12.490 12.790 11.450 11.720 12.090 12.252 12.900 12.440 12.540 12.680 12.930 12.630 12.687
  CaO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.019 0.000 0.037 0.000 0.000 0.009 0.011
  BaO 0.127 0.165 0.158 0.177 0.156 0.227 0.123 0.177 0.185 0.174 0.163 0.164 0.200 0.169 0.216 0.222 0.189
  Na2O 0.141 0.132 0.128 0.130 0.150 0.125 0.176 0.206 0.208 0.166 0.176 0.241 0.064 0.224 0.024 0.048 0.129
  K2O 9.418 8.933 9.351 9.427 9.199 8.867 9.313 9.180 9.171 9.193 8.363 8.734 8.696 8.933 8.781 8.800 8.718
  F 0.273 0.216 0.198 0.214 0.300 0.210 0.216 0.248 0.072 0.210 0.176 0.241 0.064 0.224 0.024 0.048 0.129
  Cl 0.050 0.039 0.050 0.040 0.037 0.058 0.054 0.058 0.063 0.052 0.082 0.078 0.071 0.082 0.074 0.081 0.078
  H2O (calculated) 3.810 3.840 3.865 3.857 3.795 3.841 3.848 3.787 3.926 3.842 3.870 3.829 3.950 3.894 3.978 3.955 3.913
Subtotal 99.123 98.915 97.819 98.472 98.340 98.158 99.331 98.301 99.300 98.650 98.368 97.945 99.040 99.670 98.995 98.832 98.808
  O=F,Cl 0.126 0.100 0.095 0.099 0.135 0.102 0.103 0.117 0.045 0.100 0.093 0.119 0.043 0.113 0.027 0.039 0.072
Total 98.997 98.815 97.724 98.373 98.205 98.056 99.228 98.184 99.256 98.550 98.276 97.826 98.997 99.557 98.968 98.794 98.736
Structural formula (in apfu) based on 22 anions
T (iv) site: Si  5.406 5.365 5.423 5.383 5.473 5.460 5.405 5.417 5.426 5.427 5.419 5.477 5.447 5.418 5.438 5.470 5.445
  Al   2.594 2.635 2.577 2.617 2.527 2.540 2.595 2.583 2.574 2.573 2.581 2.523 2.553 2.582 2.562 2.530 2.555
  Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
T site total 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Al (total) 3.132 3.207 3.101 3.042 3.011 3.103 3.233 3.176 3.204 3.128 3.262 3.270 3.273 3.307 3.304 3.300 3.286
R (vi) site: Al 0.538 0.572 0.524 0.426 0.484 0.563 0.637 0.593 0.629 0.555 0.681 0.746 0.720 0.726 0.742 0.770 0.731
   Ti 0.296 0.313 0.363 0.449 0.345 0.299 0.288 0.269 0.259 0.318 0.224 0.228 0.215 0.223 0.207 0.191 0.215
   Cr3+ 0.014 0.014 0.040 0.040 0.035 0.035 0.012 0.014 0.005 0.024 0.020 0.019 0.025 0.022 0.024 0.019 0.021
   Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Fe2+ 2.201 2.212 1.703 1.848 2.041 1.995 2.234 2.231 2.171 2.087 2.047 1.964 2.060 2.010 1.978 2.011 2.011
   Mn2+ 0.002 0.007 0.000 0.005 0.002 0.001 0.000 0.002 0.006 0.003 0.000 0.001 0.007 0.002 0.002 0.001 0.002
   Mg 2.735 2.700 3.084 2.922 2.829 2.890 2.582 2.673 2.718 2.769 2.902 2.806 2.804 2.819 2.883 2.824 2.840
R site vacancy 0.214 0.182 0.286 0.311 0.264 0.217 0.246 0.218 0.212 0.245 0.127 0.236 0.170 0.198 0.163 0.184 0.180
Y-site total 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
A (XII) site: Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.006 0.000 0.000 0.001 0.002
    Ba 0.008 0.010 0.009 0.010 0.009 0.013 0.007 0.011 0.011 0.010 0.010 0.010 0.012 0.010 0.013 0.013 0.011
    Na 0.041 0.039 0.038 0.038 0.044 0.037 0.052 0.061 0.061 0.049 0.051 0.071 0.019 0.065 0.007 0.014 0.038
    K 1.823 1.729 1.801 1.817 1.783 1.715 1.797 1.792 1.764 1.778 1.610 1.686 1.664 1.699 1.676 1.684 1.670
A-site vacancy 0.128 0.223 0.152 0.134 0.163 0.235 0.144 0.136 0.164 0.163 0.326 0.234 0.300 0.226 0.305 0.288 0.280
A-site total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
X (anion) site: OH 3.856 3.886 3.893 3.888 3.846 3.884 3.883 3.865 3.950 3.886 3.895 3.865 3.952 3.874 3.970 3.957 3.919
   O 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   F 0.131 0.104 0.094 0.102 0.144 0.101 0.103 0.120 0.034 0.101 0.084 0.115 0.030 0.106 0.011 0.023 0.062
   Cl 0.013 0.010 0.013 0.010 0.010 0.015 0.014 0.015 0.016 0.013 0.021 0.020 0.018 0.021 0.019 0.021 0.020
anion-site total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Fe3+/(Fetot) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg/(Mg+Fetot) 0.554 0.550 0.644 0.613 0.581 0.592 0.536 0.545 0.556 0.570 0.586 0.588 0.577 0.584 0.593 0.584 0.585
Mg/(Mg+Fe2+) 0.554 0.550 0.644 0.613 0.581 0.592 0.536 0.545 0.556 0.570 0.586 0.588 0.577 0.584 0.593 0.584 0.585
TIB Temperature (°C) 675.759 683.402 730.104 749.312 705.797 687.280 667.142 658.475 654.589 687.099 638.438 642.165 628.769 637.322 626.852 608.300 630.308
113 
 






Sample # HP 82-88B 10-QCP-728-09
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 Avg 1 2 3 4 5 6 7 8 9 Avg
Wt%
  SiO2 59.920 60.380 60.140 59.920 59.990 60.510 59.710 60.200 60.020 59.720 60.190 60.660 60.113 55.730 56.350 55.950 54.190 56.470 55.340 56.590 56.530 57.350 56.056
  Al2O3 25.400 25.720 25.600 25.690 25.840 25.790 25.310 25.220 25.370 25.420 25.020 25.340 25.477 27.630 27.610 27.700 28.770 27.850 28.340 27.440 26.840 27.130 27.701
  FeO 0.312 0.121 0.124 0.074 0.102 0.128 0.134 0.091 0.118 0.083 0.165 0.387 0.153 0.098 0.072 0.091 0.028 0.080 0.137 0.075 0.546 0.049 0.131
  CaO 6.560 6.740 6.840 6.880 6.740 6.820 6.490 6.630 6.580 6.600 6.610 6.300 6.649 9.590 9.420 9.450 10.610 9.750 10.220 9.210 8.620 8.750 9.513
  BaO 0.014 0.010 0.000 0.000 0.008 0.009 0.017 0.001 0.010 0.028 0.000 0.000 0.008 0.000 0.022 0.020 0.000 0.030 0.007 0.017 0.013 0.036 0.016
  Na2O 7.797 7.807 7.766 7.736 7.675 7.958 7.867 7.969 8.090 8.060 8.060 8.120 7.909 6.027 6.128 5.997 5.390 6.078 5.774 6.361 6.421 6.704 6.098
  K2O 0.056 0.076 0.050 0.069 0.063 0.059 0.061 0.062 0.061 0.053 0.041 0.054 0.059 0.096 0.124 0.123 0.094 0.131 0.091 0.131 0.160 0.130 0.120
Total 100.058 100.854 100.520 100.369 100.418 101.274 99.590 100.172 100.249 99.963 100.086 100.861 100.368 99.171 99.726 99.330 99.082 100.389 99.909 99.823 99.131 100.149 99.634
Structural formula (in apfu) based on 8 oxygens
T (iv) site: Si  2.669 2.666 2.665 2.660 2.660 2.663 2.670 2.677 2.669 2.663 2.680 2.680 2.668 2.525 2.537 2.529 2.464 2.528 2.494 2.545 2.562 2.568 2.528
  Al   1.333 1.339 1.337 1.344 1.350 1.338 1.334 1.322 1.329 1.336 1.313 1.319 1.333 1.475 1.465 1.476 1.542 1.470 1.505 1.454 1.433 1.432 1.473
T site total 4.002 4.005 4.002 4.004 4.010 4.001 4.004 3.998 3.998 4.000 3.993 3.999 4.001 4.000 4.002 4.005 4.006 3.998 3.999 4.000 3.995 3.999 4.001
   Fe2+ 0.012 0.004 0.005 0.003 0.004 0.005 0.005 0.003 0.004 0.003 0.006 0.014 0.006 0.004 0.003 0.003 0.001 0.003 0.005 0.003 0.021 0.002 0.005
   Ca 0.313 0.319 0.325 0.327 0.320 0.322 0.311 0.316 0.313 0.315 0.315 0.298 0.316 0.466 0.454 0.458 0.517 0.468 0.494 0.444 0.419 0.420 0.460
   Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000
   Na 0.673 0.668 0.667 0.666 0.660 0.679 0.682 0.687 0.697 0.697 0.696 0.695 0.681 0.529 0.535 0.526 0.475 0.528 0.505 0.555 0.564 0.582 0.533
   K 0.003 0.004 0.003 0.004 0.004 0.003 0.003 0.004 0.003 0.003 0.002 0.003 0.003 0.006 0.007 0.007 0.005 0.008 0.005 0.007 0.009 0.007 0.007
M-site total 0.990 0.992 0.995 0.997 0.984 1.004 0.997 1.006 1.015 1.016 1.013 0.997 1.000 1.001 0.997 0.991 0.998 1.003 1.003 1.006 0.992 1.010 1.000
Main feldspar 
components Molecular percentages of endmembers
albite (mol%) 68.027 67.397 67.072 66.783 67.074 67.628 68.426 68.261 68.742 68.609 68.654 69.778 68.038 52.916 53.663 53.050 47.635 52.582 50.284 55.120 56.863 57.635 53.305
anorthite (mol%) 31.630 32.155 32.644 32.822 32.550 32.027 31.193 31.386 30.898 31.048 31.116 29.917 31.616 46.530 45.586 46.199 51.819 46.617 49.183 44.106 42.183 41.568 45.977
orthoclase (mol%) 0.319 0.430 0.284 0.394 0.362 0.329 0.351 0.352 0.342 0.295 0.230 0.305 0.333 0.554 0.713 0.715 0.546 0.748 0.520 0.744 0.932 0.735 0.690








Sample # QC 82-4a
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Avg
Wt%
  SiO2 54.240 54.470 54.950 54.710 54.300 54.430 51.470 52.650 47.950 47.480 52.390 52.230 47.100 46.870 51.803
  Al2O3 28.870 28.620 28.460 28.110 28.740 28.830 30.550 29.920 33.130 33.350 30.130 30.190 33.510 33.590 30.429
  FeO 0.142 0.141 0.208 0.220 0.159 0.164 0.130 0.140 0.110 0.096 0.144 0.141 0.320 0.232 0.168
  CaO 10.680 10.660 10.500 10.190 10.550 10.910 12.940 12.060 15.940 15.790 12.320 12.330 16.150 16.390 12.672
  BaO 0.039 0.000 0.000 0.016 0.022 0.006 0.039 0.000 0.000 0.016 0.018 0.016 0.007 0.005 0.013
  Na2O 5.380 5.572 5.542 5.703 5.582 5.258 4.075 4.621 2.447 2.336 4.369 4.369 2.093 2.043 4.242
  K2O 0.097 0.094 0.085 0.113 0.088 0.107 0.071 0.084 0.041 0.023 0.091 0.074 0.031 0.019 0.073
Total 99.447 99.557 99.744 99.063 99.441 99.706 99.275 99.475 99.618 99.090 99.462 99.350 99.211 99.149 99.399
Structural formula (in apfu) based on 8 oxygens
T (iv) site: Si  2.460 2.468 2.483 2.489 2.464 2.463 2.354 2.396 2.204 2.193 2.386 2.382 2.177 2.169 2.363
  Al   1.543 1.529 1.515 1.507 1.537 1.537 1.647 1.605 1.795 1.815 1.617 1.622 1.826 1.832 1.638
T site total 4.004 3.997 3.998 3.997 4.001 4.000 4.000 4.001 3.999 4.009 4.003 4.004 4.003 4.001 4.001
   Fe2+ 0.005 0.005 0.008 0.008 0.006 0.006 0.005 0.005 0.004 0.004 0.005 0.005 0.012 0.009 0.006
   Ca 0.519 0.518 0.508 0.497 0.513 0.529 0.634 0.588 0.785 0.781 0.601 0.602 0.800 0.813 0.621
   Ba 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Na 0.473 0.490 0.485 0.503 0.491 0.461 0.361 0.408 0.218 0.209 0.386 0.386 0.188 0.183 0.374
   K 0.006 0.005 0.005 0.007 0.005 0.006 0.004 0.005 0.002 0.001 0.005 0.004 0.002 0.001 0.004
M-site total 0.998 1.013 0.999 1.007 1.009 0.996 1.000 1.001 1.006 0.992 0.992 0.993 0.989 0.997 1.000
Main feldspar 
components Molecular percentages of endmembers
albite (mol%) 47.384 48.348 48.610 49.975 48.648 46.293 36.126 40.748 21.689 21.083 38.864 38.886 18.961 18.380 37.428
anorthite (mol%) 51.984 51.117 50.899 49.343 50.810 53.078 63.390 58.764 78.072 78.755 60.570 60.652 80.844 81.497 62.127
orthoclase (mol%) 0.563 0.535 0.491 0.654 0.502 0.618 0.415 0.488 0.239 0.134 0.533 0.433 0.182 0.114 0.422








Sample # 10-QCP-728-09 WC 81-1
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Avg 1 2 3 4 5 6 Avg
Wt%
  SiO2 57.260 55.040 55.850 56.150 54.960 55.380 56.380 56.570 56.480 56.310 55.770 57.830 56.570 56.020 56.760 56.420 56.234 53.250 56.060 55.640 55.590 55.700 55.690 55.322
  Al2O3 27.190 28.570 27.780 27.750 28.250 27.840 27.510 27.760 27.340 27.330 27.850 26.420 27.280 27.630 27.230 27.300 27.564 29.720 27.540 27.880 27.780 28.030 27.830 28.130
  FeO 0.210 0.079 0.104 0.123 0.071 0.112 0.289 0.325 0.353 0.212 0.110 0.057 0.056 0.080 0.045 0.176 0.150 0.264 0.171 0.151 0.242 0.152 0.126 0.184
  CaO 8.650 10.010 9.720 9.630 9.950 9.380 9.070 8.950 8.700 9.010 9.670 7.930 8.850 9.480 8.560 9.070 9.164 11.290 9.140 9.470 9.490 9.210 9.610 9.702
  BaO 0.013 0.004 0.015 0.016 0.000 0.011 0.028 0.000 0.004 0.014 0.004 0.030 0.019 0.014 0.054 0.012 0.015 0.017 0.024 0.001 0.031 0.049 0.039 0.027
  Na2O 6.651 5.840 5.992 6.083 5.556 5.952 6.337 6.357 6.246 6.367 5.921 6.773 6.428 5.972 6.519 6.367 6.210 4.836 6.114 6.053 5.941 5.901 5.921 5.794
  K2O 0.046 0.050 0.140 0.146 0.126 0.130 0.128 0.099 0.088 0.096 0.149 0.159 0.163 0.140 0.146 0.135 0.121 0.087 0.133 0.131 0.134 0.142 0.124 0.125
Total 100.019 99.592 99.601 99.898 98.914 98.804 99.741 100.061 99.210 99.338 99.474 99.199 99.366 99.336 99.315 99.480 99.459 99.464 99.182 99.325 99.208 99.183 99.340 99.284
Structural formula (in apfu) based on 8 oxygens
T (iv) site: Si  2.566 2.487 2.521 2.527 2.497 2.518 2.540 2.538 2.552 2.545 2.520 2.605 2.553 2.532 2.561 2.547 2.538 2.419 2.537 2.518 2.519 2.521 2.520 2.506
  Al   1.436 1.521 1.478 1.472 1.513 1.492 1.461 1.468 1.456 1.456 1.483 1.403 1.451 1.472 1.448 1.452 1.466 1.591 1.469 1.487 1.484 1.495 1.484 1.502
T site total 4.002 4.008 3.999 3.999 4.010 4.009 4.000 4.006 4.009 4.001 4.003 4.008 4.005 4.004 4.009 3.999 4.004 4.010 4.006 4.005 4.003 4.016 4.004 4.007
   Fe2+ 0.008 0.003 0.004 0.005 0.003 0.004 0.011 0.012 0.013 0.008 0.004 0.002 0.002 0.003 0.002 0.007 0.006 0.010 0.006 0.006 0.009 0.006 0.005 0.007
   Ca 0.415 0.485 0.470 0.464 0.484 0.457 0.438 0.430 0.421 0.436 0.468 0.383 0.428 0.459 0.414 0.439 0.443 0.550 0.443 0.459 0.461 0.447 0.466 0.471
   Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.000
   Na 0.578 0.512 0.524 0.531 0.490 0.525 0.553 0.553 0.547 0.558 0.519 0.592 0.563 0.523 0.570 0.557 0.543 0.426 0.536 0.531 0.522 0.518 0.519 0.509
   K 0.003 0.003 0.008 0.008 0.007 0.008 0.007 0.006 0.005 0.006 0.009 0.009 0.009 0.008 0.008 0.008 0.007 0.005 0.008 0.008 0.008 0.008 0.007 0.007
M-site total 0.996 0.999 1.003 1.004 0.981 0.989 0.999 0.989 0.974 1.000 0.995 0.984 1.000 0.991 0.994 1.004 0.994 0.981 0.988 0.998 0.991 0.973 0.993 0.987
Main feldspar 
components Molecular percentages of endmembers
albite (mol%) 58.018 51.204 52.292 52.878 49.885 53.030 55.396 55.919 56.206 55.794 52.105 60.120 56.240 52.821 57.405 55.508 54.676 43.429 54.310 53.225 52.672 53.190 52.300 51.521
anorthite (mol%) 41.697 48.501 46.876 46.258 49.368 46.187 43.817 43.506 43.267 43.630 47.025 38.900 42.789 46.338 41.653 43.696 44.594 56.026 44.869 46.018 46.492 45.878 46.908 47.699
orthoclase (mol%) 0.263 0.288 0.806 0.836 0.747 0.762 0.738 0.575 0.520 0.552 0.864 0.926 0.937 0.816 0.846 0.775 0.703 0.515 0.777 0.756 0.780 0.843 0.723 0.732








Sample # QC82-24a HP 82-63 QC 02-42
Analysis pt. # 1 2 3 4 5 6 7 8 9 Avg 1 2 3 4 5 6 Avg 1 2 3 4 5 6 7 8 Avg
Wt%
  SiO2 57.580 57.760 57.710 58.600 58.110 58.630 58.770 58.410 58.690 58.251 60.950 60.790 62.910 62.610 62.180 62.760 62.033 65.440 63.080 63.700 64.590 63.090 64.460 63.200 63.160 63.840
  Al2O3 26.530 26.580 26.440 26.180 26.230 26.020 25.660 26.110 26.060 26.201 24.930 24.750 23.760 23.610 23.610 23.460 24.020 23.570 23.360 23.500 23.620 23.500 23.600 23.360 23.360 23.484
  FeO 0.116 0.105 0.147 0.152 0.191 0.187 0.079 0.114 0.225 0.146 0.026 0.035 0.004 0.019 0.012 0.017 0.019 0.096 0.072 0.101 0.099 0.123 0.070 0.032 0.028 0.078
  CaO 8.360 8.510 8.240 7.860 7.860 7.720 7.470 7.400 7.530 7.883 6.350 6.160 4.890 4.920 4.890 4.800 5.335 3.680 4.600 4.670 4.580 4.840 4.560 4.620 4.620 4.521
  BaO 0.039 0.007 0.029 0.002 0.000 0.004 0.009 0.049 0.006 0.016 0.030 0.021 0.001 0.032 0.038 0.000 0.020 0.055 0.022 0.015 0.005 0.013 0.000 0.007 0.028 0.018
  Na2O 6.884 6.874 7.059 7.255 7.069 7.368 7.255 7.379 7.327 7.163 7.976 8.038 8.914 8.863 8.966 9.038 8.632 8.966 9.027 9.192 9.172 9.079 9.079 9.007 9.100 9.078
  K2O 0.197 0.203 0.161 0.135 0.138 0.128 0.135 0.151 0.130 0.153 0.104 0.125 0.089 0.094 0.081 0.115 0.101 0.319 0.059 0.050 0.067 0.057 0.052 0.045 0.048 0.087
Total 99.706 100.039 99.786 100.183 99.599 100.058 99.377 99.613 99.968 99.814 100.367 99.919 100.567 100.147 99.777 100.190 100.161 102.126 100.220 101.229 102.132 100.702 101.821 100.270 100.343 101.105
Structural formula (in apfu) based on 8 oxygens
T (iv) site: Si  2.589 2.589 2.593 2.617 2.610 2.622 2.640 2.621 2.625 2.612 2.700 2.704 2.769 2.769 2.762 2.774 2.746 2.822 2.784 2.785 2.795 2.775 2.796 2.787 2.785 2.791
  Al   1.406 1.404 1.400 1.378 1.388 1.371 1.358 1.381 1.373 1.384 1.301 1.298 1.232 1.230 1.236 1.222 1.253 1.198 1.215 1.211 1.205 1.218 1.207 1.214 1.214 1.210
T site total 3.995 3.992 3.993 3.995 3.999 3.993 3.998 4.002 3.998 3.996 4.001 4.002 4.001 3.999 3.998 3.996 4.000 4.020 4.000 3.996 4.000 3.994 4.003 4.001 3.998 4.001
   Fe2+ 0.004 0.004 0.006 0.006 0.007 0.007 0.003 0.004 0.008 0.005 0.001 0.001 0.000 0.001 0.000 0.001 0.001 0.003 0.003 0.004 0.004 0.005 0.003 0.001 0.001 0.003
   Ca 0.403 0.409 0.397 0.376 0.378 0.370 0.360 0.356 0.361 0.379 0.301 0.294 0.231 0.233 0.233 0.227 0.253 0.170 0.218 0.219 0.212 0.228 0.212 0.218 0.218 0.212
   Ba 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Na 0.600 0.597 0.615 0.628 0.616 0.639 0.632 0.642 0.635 0.623 0.685 0.693 0.761 0.760 0.772 0.775 0.741 0.750 0.773 0.779 0.770 0.774 0.764 0.770 0.778 0.770
   K 0.011 0.012 0.009 0.008 0.008 0.007 0.008 0.009 0.007 0.009 0.006 0.007 0.005 0.005 0.005 0.007 0.006 0.018 0.003 0.003 0.004 0.003 0.003 0.003 0.003 0.005
M-site total 1.015 1.018 1.021 1.012 1.002 1.016 0.999 1.007 1.004 1.010 0.993 0.994 0.996 0.999 1.010 1.008 1.000 0.938 0.994 1.001 0.986 1.006 0.978 0.991 0.999 0.987
Main feldspar 
components Molecular percentages of endmembers
albite (mol%) 59.135 58.692 60.208 62.074 61.453 62.871 63.231 63.732 63.300 61.633 68.999 69.723 76.352 76.076 76.439 76.811 74.067 79.904 77.739 77.841 78.072 76.982 78.043 77.708 77.843 78.017
anorthite (mol%) 39.686 40.156 38.838 37.164 37.758 36.402 35.979 35.322 35.950 37.473 30.356 29.527 23.146 23.339 23.039 22.544 25.325 18.124 21.891 21.854 21.545 22.679 21.662 22.027 21.841 21.453
orthoclase (mol%) 1.112 1.140 0.903 0.759 0.789 0.720 0.775 0.860 0.740 0.866 0.593 0.714 0.500 0.530 0.456 0.645 0.573 1.873 0.332 0.279 0.375 0.317 0.295 0.253 0.267 0.499








Sample # QC 81-38
Analysis pt. # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 Avg
Wt%
  SiO2 48.320 48.480 48.250 47.660 48.370 51.930 47.530 49.750 47.830 47.280 48.710 49.110 51.440 46.450 47.130 51.220 47.940 49.150 48.697
  Al2O3 32.620 32.480 32.650 33.030 32.670 30.390 33.540 31.880 33.190 33.410 32.350 32.060 30.730 33.930 33.930 30.860 32.960 31.980 32.481
  FeO 0.218 0.494 0.322 0.477 0.535 0.239 0.576 0.567 0.630 0.636 0.411 0.409 0.096 0.147 0.159 0.310 0.145 0.127 0.361
  CaO 15.630 15.250 15.050 16.200 15.370 12.560 16.220 14.620 15.970 16.370 15.300 14.910 13.210 16.870 16.730 13.480 15.900 14.290 15.218
  BaO 0.020 0.012 0.023 0.034 0.023 0.000 0.007 0.031 0.010 0.005 0.020 0.003 0.028 0.029 0.000 0.017 0.005 0.000 0.015
  Na2O 2.618 2.628 2.648 2.288 2.556 4.277 2.123 3.164 2.360 2.051 2.597 2.947 3.916 1.669 1.917 3.854 2.463 2.906 2.721
  K2O 0.032 0.044 0.040 0.029 0.050 0.092 0.056 0.086 0.009 0.040 0.054 0.056 0.064 0.030 0.025 0.064 0.021 0.045 0.046
Total 99.457 99.388 98.984 99.718 99.574 99.488 100.051 100.098 99.999 99.791 99.442 99.495 99.484 99.126 99.890 99.805 99.434 98.498 99.540
Structural formula (in apfu) based on 8 oxygens
T (iv) site: Si  2.224 2.233 2.228 2.195 2.225 2.368 2.181 2.273 2.196 2.177 2.241 2.257 2.348 2.151 2.165 2.335 2.208 2.272 2.238
  Al   1.770 1.763 1.777 1.793 1.771 1.633 1.814 1.716 1.796 1.813 1.754 1.736 1.653 1.852 1.837 1.658 1.789 1.742 1.759
T site total 3.994 3.996 4.006 3.988 3.996 4.001 3.996 3.989 3.991 3.991 3.995 3.993 4.001 4.003 4.001 3.993 3.997 4.013 3.997
   Fe2+ 0.008 0.019 0.012 0.018 0.021 0.009 0.022 0.022 0.024 0.024 0.016 0.016 0.004 0.006 0.006 0.012 0.006 0.005 0.014
   Ca 0.771 0.752 0.745 0.799 0.757 0.614 0.798 0.716 0.785 0.808 0.754 0.734 0.646 0.837 0.823 0.658 0.785 0.708 0.749
   Ba 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
   Na 0.234 0.235 0.237 0.204 0.228 0.378 0.189 0.280 0.210 0.183 0.232 0.263 0.347 0.150 0.171 0.341 0.220 0.260 0.242
   K 0.002 0.003 0.002 0.002 0.003 0.005 0.003 0.005 0.001 0.002 0.003 0.003 0.004 0.002 0.001 0.004 0.001 0.003 0.003
M-site total 1.007 0.990 0.985 1.006 0.989 0.997 0.990 1.001 0.996 0.993 0.989 1.000 0.997 0.989 0.995 1.003 1.006 0.971 0.995
Main feldspar 
components Molecular percentages of endmembers
albite (mol%) 23.205 23.703 24.085 20.307 23.051 37.921 19.083 27.983 21.083 18.435 23.414 26.258 34.766 15.153 17.147 33.960 21.865 26.827 24.347
anorthite (mol%) 76.571 76.016 75.632 79.463 76.609 61.544 80.575 71.461 78.845 81.321 76.231 73.408 64.809 84.616 82.708 65.638 78.004 72.899 75.353
orthoclase (mol%) 0.189 0.258 0.241 0.170 0.297 0.535 0.329 0.500 0.053 0.234 0.319 0.328 0.376 0.178 0.145 0.372 0.122 0.275 0.273
celsian (mol%) 0.035 0.022 0.042 0.060 0.042 0.000 0.012 0.056 0.019 0.009 0.037 0.006 0.050 0.054 0.000 0.030 0.008 0.000 0.027
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Sample#: QC 82-4a WC 81-1
analysis pt#: 1 2 3 4 5 Avg 1 2 3 4 5 6 7 8
Wt%
SiO2 43.187 43.028 42.978 42.670 42.580 42.889 41.651 41.771 42.380 41.731 41.920 41.661 41.691 42.040
TiO2 1.232 1.122 1.249 1.247 1.093 1.188 1.125 1.185 1.189 1.331 1.315 1.220 1.270 1.240
Al2O3 11.200 11.376 11.190 11.887 11.681 11.467 12.313 12.293 12.454 12.333 12.303 12.353 12.504 12.656
Cr2O3 0.059 0.032 0.044 0.006 0.054 0.039 0.038 0.000 0.002 0.003 0.020 0.000 0.000 0.062
MnO 0.201 0.166 0.171 0.161 0.143 0.168 0.140 0.153 0.186 0.174 0.167 0.199 0.164 0.185
FeO 9.799 11.957 11.983 12.215 12.406 11.672 15.194 15.151 14.982 14.551 14.575 14.828 14.599 14.948
Fe2O3 10.934 7.804 7.394 7.214 6.822 8.034 5.659 6.451 6.443 6.865 6.942 6.409 6.789 6.207
MgO 9.736 9.686 9.635 9.352 9.311 9.544 7.670 7.660 7.823 7.833 7.915 7.701 7.792 7.772
CaO 10.609 11.037 10.798 11.296 11.117 10.972 11.255 11.185 11.385 11.355 11.265 11.295 11.325 11.255
Na2O 1.148 1.285 1.328 1.214 1.203 1.236 1.227 1.293 1.126 1.234 1.281 1.186 1.213 1.277
K2O 0.801 0.761 0.747 0.810 0.800 0.784 1.096 1.088 1.101 1.102 1.089 1.133 1.129 1.076
H2O+ (calculated) 1.720 1.740 1.720 1.650 1.750 1.716 1.710 1.690 1.660 1.660 1.650 1.680 1.670 1.620
F 0.024 0.008 0.000 0.144 0.008 0.037 0.000 0.000 0.082 0.000 0.033 0.008 0.000 0.131
Cl 0.026 0.028 0.025 0.033 0.030 0.028 0.056 0.067 0.061 0.056 0.058 0.055 0.069 0.064
Total 100.657 100.020 99.252 99.829 98.989 99.749 99.123 99.965 100.824 100.218 100.501 99.707 100.196 100.462
Structural formula (in apfu) based on 23 oxygens
T (ideally 8 apfu)
Si 6.393 6.426 6.463 6.392 6.428 6.420 6.363 6.338 6.359 6.311 6.319 6.332 6.304 6.333
Al 1.607 1.574 1.537 1.608 1.572 1.580 1.637 1.662 1.641 1.689 1.681 1.668 1.696 1.667
T subtotal 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
C (ideally 5 apfu)
Ti 0.137 0.126 0.141 0.141 0.124 0.134 0.129 0.135 0.134 0.151 0.149 0.139 0.144 0.141
Al 0.347 0.429 0.447 0.491 0.506 0.444 0.580 0.536 0.561 0.510 0.505 0.545 0.533 0.580
Cr 0.007 0.004 0.005 0.001 0.006 0.005 0.005 0.002 0.007
Fe3+ 1.217 0.878 0.837 0.814 0.774 0.904 0.649 0.736 0.728 0.782 0.789 0.732 0.772 0.702
Fe2+ 1.143 1.407 1.410 1.465 1.494 1.384 1.890 1.861 1.826 1.791 1.776 1.839 1.794 1.825
Mg 2.148 2.157 2.160 2.088 2.095 2.130 1.747 1.733 1.750 1.766 1.779 1.745 1.757 1.745
C subtotal 4.999 5.001 5.000 5.000 4.999 5.000 5.000 5.001 4.999 5.000 5.000 5.000 5.000 5.000
B (ideally 2 apfu)
Mn2+ 0.025 0.021 0.022 0.020 0.018 0.021 0.018 0.020 0.024 0.022 0.021 0.026 0.021 0.024
Fe2+ 0.070 0.086 0.097 0.064 0.073 0.078 0.053 0.062 0.053 0.049 0.060 0.047 0.053 0.059
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 1.683 1.766 1.740 1.813 1.798 1.760 1.842 1.818 1.830 1.840 1.819 1.839 1.835 1.817
Na 0.222 0.127 0.141 0.102 0.110 0.140 0.087 0.100 0.093 0.088 0.099 0.089 0.091 0.101
B subtotal 2.000 2.000 2.000 1.999 1.999 2.000 2.000 2.000 2.000 1.999 1.999 2.001 2.000 2.001
A (from 0 to 1 apfu)
Na 0.108 0.245 0.246 0.250 0.242 0.218 0.277 0.281 0.234 0.273 0.275 0.261 0.265 0.272
K 0.151 0.145 0.143 0.155 0.154 0.150 0.214 0.211 0.211 0.213 0.209 0.220 0.218 0.207
A subtotal 0.259 0.390 0.389 0.405 0.396 0.368 0.491 0.492 0.445 0.486 0.484 0.481 0.483 0.479
O (non-W)
W (ideally 2 apfu)
OH 1.707 1.737 1.711 1.642 1.740 1.707 1.727 1.712 1.677 1.682 1.671 1.702 1.693 1.640
F 0.011 0.004 0.068 0.004 0.022 0.039 0.016 0.004 0.062
Cl 0.007 0.007 0.006 0.008 0.008 0.007 0.014 0.017 0.016 0.014 0.015 0.014 0.018 0.016
O 0.275 0.252 0.283 0.281 0.249 0.268 0.259 0.271 0.269 0.303 0.299 0.279 0.289 0.281
W subtotal 2.000 2.000 2.000 1.999 2.001 2.000 2.000 2.000 2.001 1.999 2.001 1.999 2.000 1.999
Sum T,C,B,A 15.258 15.391 15.389 15.404 15.394 15.367 15.491 15.493 15.444 15.485 15.483 15.482 15.483 15.480
Fe3+/ΣFe used 0.501 0.370 0.357 0.347 0.331 0.381 0.251 0.277 0.279 0.298 0.300 0.280 0.295 0.272










analysis pt#: 9 10 11 Avg 1 2 3 4 5 6 7 8 9 10 11 Avg
Wt%
SiO2 42.370 42.569 42.410 42.018 42.473 42.742 42.712 42.403 43.071 43.011 43.071 43.051 42.832 43.141 42.802 42.712
TiO2 1.283 1.479 1.287 1.266 1.194 1.241 1.240 1.004 1.040 1.136 1.060 1.089 1.251 1.146 1.277 1.200
Al2O3 12.121 12.222 12.182 12.339 11.889 11.741 11.691 11.741 11.128 11.158 11.158 11.681 11.622 11.345 11.375 11.693
Cr2O3 0.034 0.000 0.000 0.014 0.057 0.043 0.030 0.000 0.068 0.104 0.059 0.027 0.065 0.046 0.061 0.041
MnO 0.129 0.107 0.103 0.155 0.091 0.114 0.085 0.099 0.167 0.128 0.180 0.142 0.159 0.148 0.195 0.133
FeO 13.397 13.047 13.213 14.408 12.629 11.919 12.733 12.491 12.496 11.609 12.440 12.019 12.139 11.793 11.726 12.537
Fe2O3 6.534 7.013 6.383 6.518 6.217 7.039 6.537 6.806 5.215 7.741 6.506 6.973 6.919 6.812 6.864 6.672
MgO 8.861 8.911 8.911 8.077 9.324 9.686 9.263 9.414 9.736 9.837 9.646 9.656 9.455 9.887 9.636 9.353
CaO 11.475 11.435 11.536 11.342 11.230 11.260 11.371 11.200 11.160 11.000 11.270 11.010 11.230 11.371 10.849 11.249
Na2O 1.262 1.153 1.165 1.220 1.284 1.258 1.203 1.277 1.222 1.218 1.255 1.190 1.173 1.192 1.212 1.219
K2O 1.057 1.143 1.044 1.096 0.878 0.864 0.847 0.867 0.741 0.751 0.730 0.807 0.791 0.708 0.782 0.874
H2O+ (calculated) 1.690 1.640 1.670 1.667 1.720 1.670 1.710 1.720 1.720 1.710 1.750 1.700 1.670 1.690 1.700 1.695
F 0.000 0.008 0.042 0.028 0.008 0.099 0.000 0.083 0.092 0.058 0.000 0.124 0.083 0.108 0.008 0.049
Cl 0.062 0.057 0.058 0.060 0.039 0.040 0.040 0.044 0.050 0.053 0.053 0.042 0.050 0.056 0.053 0.050
Total 100.263 100.765 99.973 100.182 99.023 99.666 99.453 99.109 97.856 99.472 99.167 99.451 99.388 99.383 98.519 99.445
Structural formula (in apfu) based on 23 oxygens
T (ideally 8 apfu)
Si 6.359 6.351 6.371 6.340 6.413 6.404 6.427 6.401 6.548 6.450 6.484 6.450 6.435 6.466 6.471 6.425
Al 1.641 1.649 1.629 1.660 1.587 1.596 1.573 1.599 1.452 1.550 1.516 1.550 1.565 1.534 1.529 1.575
T subtotal 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
C (ideally 5 apfu)
Ti 0.145 0.166 0.145 0.143 0.136 0.140 0.140 0.114 0.119 0.128 0.120 0.123 0.141 0.129 0.145 0.136
Al 0.502 0.500 0.528 0.535 0.529 0.477 0.500 0.490 0.542 0.421 0.464 0.513 0.493 0.470 0.498 0.497
Cr 0.004 0.005 0.007 0.005 0.004 0.008 0.012 0.007 0.003 0.008 0.005 0.007 0.006
Fe3+ 0.737 0.788 0.721 0.740 0.708 0.794 0.740 0.774 0.597 0.872 0.737 0.786 0.782 0.768 0.782 0.755
Fe2+ 1.629 1.564 1.610 1.764 1.522 1.420 1.538 1.504 1.527 1.367 1.506 1.418 1.459 1.418 1.396 1.509
Mg 1.982 1.982 1.996 1.817 2.099 2.163 2.078 2.119 2.207 2.199 2.165 2.157 2.118 2.209 2.172 2.098
C subtotal 4.999 5.000 5.000 5.000 5.001 4.999 5.000 5.001 5.000 4.999 4.999 5.000 5.001 4.999 5.000 5.000
B (ideally 2 apfu)
Mn2+ 0.016 0.014 0.013 0.020 0.012 0.014 0.011 0.013 0.022 0.016 0.023 0.018 0.020 0.019 0.025 0.017
Fe2+ 0.053 0.063 0.051 0.055 0.071 0.073 0.064 0.073 0.061 0.090 0.060 0.088 0.067 0.060 0.086 0.068
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 1.845 1.828 1.857 1.834 1.817 1.808 1.833 1.812 1.818 1.767 1.818 1.767 1.808 1.826 1.757 1.813
Na 0.086 0.095 0.079 0.092 0.100 0.105 0.092 0.103 0.099 0.126 0.100 0.126 0.105 0.095 0.132 0.102
B subtotal 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.001 2.000 1.999 2.001 1.999 2.000 2.000 2.000 2.000
A (from 0 to 1 apfu)
Na 0.282 0.238 0.260 0.265 0.275 0.260 0.259 0.271 0.261 0.228 0.267 0.220 0.236 0.251 0.223 0.253
K 0.202 0.218 0.200 0.211 0.169 0.165 0.163 0.167 0.144 0.144 0.140 0.154 0.152 0.135 0.151 0.168
A subtotal 0.484 0.456 0.460 0.476 0.444 0.425 0.422 0.438 0.405 0.372 0.407 0.374 0.388 0.386 0.374 0.421
O (non-W)
W (ideally 2 apfu)
OH 1.694 1.649 1.674 1.684 1.714 1.662 1.709 1.721 1.705 1.703 1.746 1.685 1.665 1.676 1.692 1.692
F 0.004 0.020 0.024 0.004 0.047 0.039 0.044 0.027 0.059 0.039 0.051 0.004 0.030
Cl 0.016 0.014 0.015 0.015 0.010 0.010 0.010 0.011 0.013 0.013 0.013 0.011 0.013 0.014 0.014 0.013
O 0.290 0.332 0.291 0.288 0.272 0.280 0.281 0.228 0.238 0.257 0.241 0.246 0.283 0.259 0.291 0.272
W subtotal 2.000 1.999 2.000 2.000 2.000 1.999 2.000 1.999 2.000 2.000 2.000 2.001 2.000 2.000 2.001 2.000
Sum T,C,B,A 15.483 15.456 15.460 15.476 15.445 15.424 15.422 15.440 15.405 15.370 15.407 15.373 15.389 15.385 15.374 15.421
Fe3+/ΣFe used 0.305 0.326 0.303 0.290 0.307 0.347 0.316 0.329 0.273 0.375 0.320 0.343 0.339 0.342 0.345 0.324
Mg/(Mg+Fe2+) 0.541 0.549 0.546 0.500 0.569 0.592 0.565 0.573 0.582 0.601 0.580 0.589 0.581 0.599 0.594 0.571
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Sample # HP 82-88B HP 81-82 QC 82-4a
Analysis pt. # 1 2 3 Avg 1 2 3 4 5 6 Avg 1 2 3 4 5 6 7 8 Avg
Wt%
SiO2 0.061 0.081 0.020 0.054 0.043 0.011 0.507 0.004 0.029 0.017 0.102 0.031 0.029 0.030 0.062 0.000 0.002 0.011 0.020 0.023
TiO2 49.573 51.732 51.249 50.851 49.534 50.864 48.262 52.451 46.863 52.155 50.022 49.701 49.889 48.873 46.755 50.017 51.495 50.204 48.942 49.485
Al2O3 0.023 0.000 0.026 0.016 0.016 0.012 0.480 0.012 4.970 0.000 0.915 0.006 0.000 0.000 0.006 0.000 0.012 0.017 0.007 0.006
Fe2O3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
FeO 46.488 46.517 46.105 46.370 45.653 46.380 46.842 46.311 45.358 46.262 46.134 49.042 49.150 48.826 50.024 49.258 48.138 49.189 48.796 49.053
MnO 0.084 0.189 0.113 0.129 0.904 0.809 0.940 1.094 1.092 1.290 1.021 0.223 0.239 0.192 0.188 0.241 0.256 0.269 0.277 0.236
MgO 0.358 0.341 1.413 0.704 0.081 0.070 0.075 0.056 0.143 0.066 0.082 0.303 0.345 0.557 0.516 0.145 0.155 0.176 0.169 0.296
Cr2O3 0.016 0.023 0.035 0.025 0.019 0.034 0.027 0.023 0.066 0.000 0.028 0.000 0.000 0.033 0.017 0.000 0.000 0.035 0.049 0.017
ZnO 0.073 0.097 0.075 0.082 0.020 0.078 0.000 0.032 0.830 0.016 0.163 0.000 0.000 0.000 0.036 0.054 0.038 0.000 0.052 0.022
V2O3 0.507 0.485 0.487 0.493 0.433 0.415 0.390 0.351 0.330 0.331 0.375 0.511 0.485 0.478 0.504 0.417 0.455 0.485 0.497 0.479
NiO 0.015 0.000 0.055 0.023 0.000 0.000 0.000 0.011 0.007 0.000 0.003 0.000 0.017 0.016 0.000 0.012 0.000 0.000 0.018 0.008
Total 97.196 99.463 99.577 98.745 96.702 98.673 97.523 100.346 99.687 100.136 98.844 99.817 100.152 99.006 98.107 100.143 100.551 100.386 98.828 99.624
Fe2O3 wt. % 2.899 0.855 2.977 2.244 2.356 1.806 4.341 0.399 5.847 0.847 2.599 5.624 5.660 6.682 10.040 5.351 2.646 5.112 5.971 5.886
FeO wt. % 43.879 45.748 43.426 44.351 43.533 44.755 42.935 45.952 40.098 45.500 43.795 43.981 44.057 42.813 40.989 44.443 45.757 44.589 43.424 43.757
Structural formula (in apfu) based on 3 oxygens
Cations
Si 0.002 0.002 0.000 0.001 0.001 0.000 0.013 0.000 0.001 0.000 0.003 0.001 0.001 0.001 0.002 0.000 0.000 0.000 0.001 0.001
Ti 0.964 0.985 0.965 0.972 0.971 0.978 0.933 0.992 0.869 0.988 0.955 0.941 0.941 0.930 0.897 0.945 0.970 0.946 0.937 0.938
Al 0.001 0.000 0.001 0.000 0.001 0.000 0.015 0.000 0.144 0.000 0.027 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe3+ 0.056 0.016 0.056 0.043 0.046 0.035 0.084 0.008 0.108 0.016 0.049 0.106 0.107 0.127 0.193 0.101 0.050 0.096 0.114 0.112
Fe2+ 0.949 0.968 0.909 0.942 0.948 0.956 0.923 0.966 0.827 0.958 0.930 0.925 0.924 0.906 0.874 0.934 0.958 0.934 0.924 0.922
Mn 0.002 0.004 0.002 0.003 0.020 0.017 0.020 0.023 0.023 0.028 0.022 0.005 0.005 0.004 0.004 0.005 0.005 0.006 0.006 0.005
Mg 0.014 0.013 0.053 0.026 0.003 0.003 0.003 0.002 0.005 0.002 0.003 0.011 0.013 0.021 0.020 0.005 0.006 0.007 0.006 0.011
Cr 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.000
Zn 0.001 0.002 0.001 0.002 0.000 0.001 0.000 0.001 0.015 0.000 0.003 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.000
V 0.011 0.010 0.010 0.010 0.009 0.009 0.008 0.007 0.007 0.007 0.008 0.010 0.010 0.010 0.010 0.008 0.009 0.010 0.010 0.010
Total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Fe3+/(Fe tot) 0.056 0.017 0.058 0.044 0.046 0.035 0.083 0.008 0.116 0.016 0.051 0.103 0.104 0.123 0.181 0.098 0.049 0.094 0.110 0.108
Calculated % 
endmember species Molecular percentages of endmembers
Ilmenite 98.378 98.284 94.284 96.982 97.624 97.933 97.533 97.439 96.718 96.967 97.369 98.288 98.094 97.301 97.360 98.882 98.843 98.703 98.677 98.269
Geikielite 1.431 1.305 5.468 2.735 0.323 0.275 0.305 0.211 0.614 0.250 0.330 1.207 1.367 2.258 2.186 0.576 0.596 0.693 0.686 1.196





Sample # QC 02-42 QC 81-38
Analysis pt. # 1 2 3 4 5 6 7 8 Avg 1 2 3 4 5 6 7 8 9 Avg
Wt%
SiO2 0.028 0.059 0.037 0.041 0.061 0.124 0.101 0.061 0.064 0.027 0.000 0.010 0.000 0.014 0.022 0.001 0.020 0.020 0.013
TiO2 52.126 51.507 49.431 51.899 47.170 49.349 50.990 51.197 50.459 49.467 46.359 50.194 51.153 49.356 49.831 45.724 45.370 47.671 48.347
Al2O3 0.000 0.015 0.018 0.004 0.009 0.014 0.022 0.000 0.010 0.026 0.036 0.000 0.000 0.036 0.000 0.010 0.023 0.022 0.017
Fe2O3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
FeO 45.641 45.437 45.478 45.111 50.151 46.974 47.097 47.015 46.613 50.308 51.861 47.999 47.575 49.330 47.293 51.921 54.321 51.024 50.181
MnO 0.310 0.408 0.339 0.474 0.367 0.384 0.397 0.381 0.382 0.467 0.411 0.475 0.583 0.420 0.536 0.297 0.325 0.310 0.425
MgO 0.017 0.017 0.008 0.000 0.026 0.000 0.015 0.002 0.011 0.424 0.413 0.362 0.510 0.499 0.503 0.370 0.347 0.338 0.418
Cr2O3 0.037 0.121 0.067 0.014 0.259 0.138 0.100 0.092 0.103 0.035 0.061 0.010 0.016 0.004 0.027 0.004 0.038 0.016 0.024
ZnO 0.024 0.015 0.008 0.014 0.070 0.016 0.042 0.012 0.025 0.003 0.001 0.006 0.000 0.000 0.060 0.000 0.038 0.000 0.012
V2O3 0.535 0.626 0.631 0.436 0.458 0.550 0.530 0.466 0.529 0.425 0.412 0.546 0.465 0.451 0.440 0.453 0.448 0.451 0.454
NiO 0.006 0.000 0.000 0.000 0.000 0.014 0.012 0.007 0.005 0.000 0.000 0.000 0.000 0.025 0.000 0.027 0.000 0.011 0.007
Total 98.726 98.205 96.016 97.993 98.570 97.562 99.305 99.232 98.201 101.183 99.555 99.602 100.301 100.134 98.712 98.807 100.930 99.863 99.898
Fe2O3 wt. % 0.000 0.000 1.478 0.000 9.031 3.152 1.747 1.431 2.105 7.788 12.571 4.408 3.399 6.922 4.371 13.056 16.076 10.039 8.737
FeO wt. % 46.558 45.946 44.148 46.243 42.025 44.138 45.525 45.728 45.039 43.300 40.550 44.032 44.517 43.101 43.360 40.173 39.856 41.991 42.320
Structural formula (in apfu) based on 3 oxygens
Cations
Si 0.001 0.002 0.001 0.001 0.002 0.003 0.003 0.002 0.002 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000
Ti 1.003 0.996 0.977 1.006 0.904 0.959 0.974 0.979 0.975 0.922 0.876 0.952 0.963 0.929 0.953 0.871 0.845 0.900 0.912
Al 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.001
Fe3+ 0.000 0.000 0.029 0.000 0.173 0.061 0.033 0.027 0.041 0.145 0.238 0.084 0.064 0.130 0.084 0.249 0.299 0.190 0.165
Fe2+ 0.996 0.988 0.970 0.997 0.896 0.953 0.967 0.972 0.967 0.897 0.852 0.929 0.932 0.902 0.922 0.850 0.825 0.881 0.888
Mn 0.007 0.009 0.008 0.010 0.008 0.008 0.009 0.008 0.008 0.010 0.009 0.010 0.012 0.009 0.012 0.006 0.007 0.007 0.009
Mg 0.001 0.001 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.016 0.015 0.014 0.019 0.019 0.019 0.014 0.013 0.013 0.016
Cr 0.001 0.002 0.001 0.000 0.005 0.003 0.002 0.002 0.002 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000
Zn 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000
V 0.011 0.013 0.013 0.009 0.009 0.011 0.011 0.010 0.011 0.008 0.008 0.011 0.009 0.009 0.009 0.009 0.009 0.009 0.009
Total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Fe3+/(Fe tot) 0.000 0.000 0.029 0.000 0.162 0.060 0.033 0.027 0.039 0.139 0.218 0.083 0.064 0.126 0.083 0.226 0.266 0.177 0.154
Calculated % 
endmember species Molecular percentages of endmembers
Ilmenite 99.264 99.043 99.198 98.973 99.015 99.127 99.069 99.156 99.106 97.242 97.237 97.505 96.744 97.041 96.788 97.668 97.679 97.863 97.307
Geikielite 0.066 0.066 0.031 0.000 0.109 0.000 0.056 0.007 0.042 1.697 1.765 1.429 1.974 2.001 2.001 1.602 1.515 1.406 1.710
Pyrophanite 0.670 0.890 0.771 1.027 0.876 0.873 0.875 0.837 0.852 1.061 0.999 1.066 1.282 0.958 1.211 0.730 0.806 0.731 0.983
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APPENDIX G. PYROXENE EMPA DATA 
 
Sample # HP 81-82 QC 82-4a
Analysis pt. # 1 2 3 4 5 6 7 8 9 Avg 1 2 3
Wt%
  SiO2 48.700 48.890 48.900 48.700 49.090 49.170 48.960 48.650 49.100 48.907 49.530 49.620 49.810
  Al2O3 1.523 1.447 1.134 1.109 1.080 0.878 1.070 1.273 1.120 1.182 1.115 1.055 1.092
  TiO2 0.004 0.067 0.017 0.000 0.050 0.000 0.100 0.000 0.079 0.035 0.000 0.000 0.013
  Cr2O3 0.019 0.003 0.021 0.000 0.015 0.011 0.000 0.002 0.003 0.008 0.020 0.000 0.000
  Fe2O3 (calculated) 4.276 3.069 3.561 3.918 2.979 3.253 3.631 2.990 2.868 3.394 3.424 2.057 2.650
  FeO (calculated) 32.723 33.659 33.865 33.384 33.790 33.563 34.113 34.309 34.529 33.771 30.239 30.699 30.335
  MnO 0.391 0.416 0.524 0.502 0.529 0.528 0.481 0.503 0.412 0.476 0.723 0.659 0.622
  MgO 13.990 13.650 13.440 13.580 13.610 13.740 13.390 13.020 13.320 13.527 15.620 15.480 15.800
  CaO 0.093 0.084 0.084 0.104 0.095 0.100 0.096 0.103 0.072 0.092 0.321 0.288 0.345
  Na2O 0.013 0.000 0.004 0.000 0.008 0.017 0.008 0.003 0.000 0.006 0.000 0.001 0.000
  K2O 0.001 0.000 0.003 0.000 0.000 0.000 0.002 0.000 0.000 0.001 0.000 0.000 0.000
Total 101.732 101.285 101.553 101.298 101.246 101.260 101.850 100.853 101.503 101.398 100.992 99.859 100.666
Structural formula (in apfu) based on 6 oxygens
T (iv) site: Si  1.902 1.919 1.921 1.916 1.930 1.932 1.919 1.926 1.929 1.922 1.924 1.945 1.936
  Al   0.070 0.067 0.053 0.051 0.050 0.041 0.049 0.059 0.052 0.055 0.051 0.049 0.050
  Fe3+ 0.028 0.014 0.027 0.032 0.020 0.027 0.031 0.015 0.019 0.024 0.025 0.006 0.014
T (iv) site total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Al (total) 0.070 0.067 0.053 0.051 0.050 0.041 0.049 0.059 0.052 0.055 0.051 0.049 0.050
Fe3+(total) 0.126 0.091 0.105 0.116 0.088 0.096 0.107 0.089 0.085 0.100 0.100 0.061 0.078
M (vi) site: Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
   Ti 0.000 0.002 0.000 0.000 0.001 0.000 0.003 0.000 0.002 0.001 0.000 0.000 0.000
   Fe3+ 0.098 0.077 0.078 0.084 0.068 0.069 0.076 0.074 0.066 0.077 0.075 0.055 0.063
  Fe2+ 1.069 1.105 1.112 1.099 1.111 1.103 1.118 1.136 1.135 1.110 0.982 1.007 0.986
   Mn2+ 0.013 0.014 0.017 0.017 0.018 0.018 0.016 0.017 0.014 0.016 0.024 0.022 0.020
   Mg 0.815 0.799 0.787 0.797 0.797 0.805 0.782 0.768 0.780 0.792 0.905 0.905 0.915
   Ca 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.003 0.004 0.013 0.012 0.014
   Na 0.001 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
   K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
M-site (vi) total 1.999 2.000 1.999 2.000 2.000 2.000 2.000 2.000 2.000 2.000 1.999 2.000 2.000
Fe3+/(Fetot) 0.105 0.076 0.086 0.096 0.073 0.080 0.087 0.073 0.070 0.083 0.092 0.057 0.073
Mg/(Mg+Fetot) 0.405 0.401 0.393 0.396 0.399 0.402 0.390 0.385 0.390 0.396 0.455 0.459 0.463
Mg/(Mg+Fe2+) 0.432 0.420 0.414 0.420 0.418 0.422 0.412 0.404 0.407 0.417 0.479 0.473 0.481
Calculated % 
pyroxene species Molecular percentages of endmembers
Diopside 0.171 0.150 0.148 0.187 0.169 0.181 0.168 0.177 0.124 0.164 0.648 0.575 0.697
Hedenbergite 0.225 0.207 0.209 0.258 0.236 0.247 0.240 0.262 0.180 0.229 0.703 0.640 0.750
Enstatite 39.023 38.032 37.822 38.439 38.255 38.947 37.819 36.558 37.561 38.051 43.030 42.828 43.506




Sample # QC 82-4a continued QC 81-38
Analysis pt. # 4 5 Avg 1 2 3 4 5 6 7 8 9 10 Avg
Wt%
  SiO2 49.540 49.820 49.664 49.620 49.540 49.620 49.530 49.680 49.570 49.910 49.870 49.980 50.060 49.738
  Al2O3 1.162 1.072 1.099 0.966 1.038 1.099 1.104 1.111 1.135 1.086 0.967 1.077 1.005 1.059
  TiO2 0.000 0.000 0.003 0.054 0.021 0.029 0.062 0.000 0.000 0.054 0.099 0.045 0.025 0.039
  Cr2O3 0.000 0.028 0.010 0.030 0.000 0.000 0.030 0.000 0.000 0.005 0.000 0.007 0.000 0.007
  Fe2O3 (calculated) 2.279 1.921 2.466 1.830 2.274 2.409 2.155 1.473 2.224 2.106 2.376 2.651 2.224 2.172
  FeO (calculated) 30.529 30.651 30.491 30.854 30.693 30.922 30.711 31.144 30.899 30.085 29.872 30.065 30.159 30.540
  MnO 0.337 0.309 0.530 0.327 0.377 0.293 0.359 0.342 0.323 0.559 0.622 0.586 0.597 0.438
  MgO 15.680 15.860 15.688 15.590 15.640 15.530 15.550 15.400 15.490 16.050 16.110 16.070 16.070 15.750
  CaO 0.304 0.263 0.304 0.306 0.235 0.326 0.369 0.331 0.340 0.249 0.383 0.359 0.369 0.327
  Na2O 0.002 0.000 0.001 0.003 0.000 0.008 0.000 0.008 0.000 0.032 0.000 0.007 0.000 0.006
  K2O 0.005 0.000 0.001 0.000 0.000 0.001 0.005 0.000 0.000 0.000 0.004 0.003 0.000 0.001
Total 99.839 99.924 100.256 99.579 99.818 100.237 99.875 99.489 99.981 100.136 100.302 100.849 100.507 100.077
Structural formula (in apfu) based on 6 oxygens
T (iv) site: Si  1.940 1.947 1.938 1.949 1.942 1.939 1.941 1.953 1.941 1.944 1.940 1.936 1.944 1.943
  Al   0.054 0.049 0.051 0.045 0.048 0.051 0.051 0.047 0.052 0.050 0.044 0.049 0.046 0.048
  Fe3+ 0.007 0.004 0.011 0.007 0.010 0.011 0.008 0.000 0.007 0.006 0.015 0.015 0.010 0.009
T (iv) site total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Al (total) 0.054 0.049 0.051 0.045 0.048 0.051 0.051 0.051 0.052 0.050 0.044 0.049 0.046 0.049
Fe3+(total) 0.067 0.056 0.072 0.054 0.067 0.071 0.064 0.044 0.066 0.062 0.070 0.077 0.065 0.064
M (vi) site: Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000
   Ti 0.000 0.000 0.000 0.002 0.001 0.001 0.002 0.000 0.000 0.002 0.003 0.001 0.001 0.001
   Fe3+ 0.061 0.052 0.061 0.047 0.057 0.060 0.055 0.044 0.059 0.055 0.054 0.062 0.055 0.055
  Fe2+ 1.000 1.002 0.995 1.013 1.006 1.010 1.006 1.024 1.012 0.980 0.972 0.974 0.979 0.998
   Mn2+ 0.011 0.010 0.018 0.011 0.013 0.010 0.012 0.011 0.011 0.018 0.020 0.019 0.020 0.014
   Mg 0.915 0.924 0.913 0.913 0.914 0.905 0.908 0.902 0.904 0.932 0.934 0.928 0.930 0.917
   Ca 0.013 0.011 0.013 0.013 0.010 0.014 0.015 0.014 0.014 0.010 0.016 0.015 0.015 0.014
   Na 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.002 0.000 0.001 0.000 0.000
   K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
M-site (vi) total 2.000 1.999 2.000 1.999 2.000 2.000 1.999 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Fe3+/(Fetot) 0.063 0.053 0.068 0.051 0.063 0.066 0.059 0.041 0.061 0.059 0.067 0.073 0.062 0.060
Mg/(Mg+Fetot) 0.462 0.466 0.461 0.461 0.460 0.456 0.459 0.458 0.456 0.472 0.473 0.469 0.471 0.463
Mg/(Mg+Fe2+) 0.478 0.480 0.478 0.474 0.476 0.472 0.474 0.468 0.472 0.487 0.490 0.488 0.487 0.479
Calculated % 
pyroxene species Molecular percentages of endmembers
Diopside 0.611 0.529 0.612 0.613 0.472 0.649 0.738 0.653 0.676 0.508 0.788 0.732 0.751 0.658
Hedenbergite 0.668 0.573 0.667 0.680 0.520 0.724 0.818 0.741 0.756 0.534 0.819 0.768 0.791 0.715
Enstatite 43.774 44.320 43.492 43.871 43.917 43.458 43.421 43.119 43.245 44.343 44.560 44.202 44.262 43.840
Ferrosilite 48.426 48.607 48.378 49.234 49.014 49.050 48.705 49.566 48.993 47.523 47.300 47.356 47.603 48.434
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APPENDIX H. RAMAN SPECTROSCOPY DATA 
 
(table cont’d.) 
Date of Analysis Sample Inclusion 128 cm-1 Position 206 cm-1 Position 464 cm-1 Position Pinc st. (GPa) Pinc hydr. (GPa) Elastic Anis.
09/04/19 HP 8264 _2 126.3 205.9 463.3 0.1136 0.0222 -6.75E-04
_08 n.d. n.d. 464 n.d. 0.1001 n.d. 
09/11/19 QI5 127.1 206.7 464 0.1185 0.1001 3.46E-03
QI6 126.5 206 463.4 0.0459 0.0333 -1.00E-03
QI7 125.1 204.7 463.2 0.1895 0.0111 -5.00E-03
QI8 126.7 204.5 463.2 0.2129 0.0111 5.32E-03
QI9 126.3 205.2 463.2 0.0044 0.0111 -1.00E-04
QI11 126.5 205.5 463.2 0.0106 0.0111 -1.50E-04
QI12 126.3 207.2 464 0.1351 0.1001 -3.00E-03
10/16/19 QI2 127 208 464.2 0.1052 0.1001 1.10E-03
QI4 125.6 206.5 464 0.2165 0.0778 -5.50E-03
QI6 127 205.9 463.4 0.0136 0.0111 4.00E-04
QI7 127.2 206.4 464 0.1684 0.0778 4.57E-03
QI8 126.2 204.7 463.4 0.0812 0.0111 2.00E-03
QI10 127.3 206.1 463.5 0.1084 0.0222 3.00E-03
QI11 126.5 206.1 464 0.0542 0.0778 1.50E-03
QI13 127.2 n.d. 463.9 0.2902 0.0666 7.51E-03
QI14 126.2 207 464 0.1623 0.0778 -4.00E-03
QI15 126 206.6 463.4 0.2977 0.0111 -7.50E-03
QI16 127.6 207.8 464.7 0.1903 0.1559 5.52E-03
QI17 127.3 208 464 0.1076 0.0778 -1.85E-03
QI18 126.9 207.3 464.2 0.0702 0.1001 3.00E-04
QI19 126 205.9 463.4 0.1623 0.0111 -4.00E-03
QI20 127.3 207.6 464.3 0.0747 0.1112 1.97E-03
09/11/19 HP 8182 QI_1 126.5 206.1 463.2 0.1688 0.0222 -4.10E-03
QI_2 126.4 206.1 463.4 0.1406 0.0333 -3.35E-03
QI_3 126.4 205.1 463.3 0.0108 0.0222 3.00E-04
QI_4 126.5 205.4 463.4 0.0166 0.0333 2.50E-04






Date of Analysis Sample Inclusion 128 cm-1 Position 206 cm-1 Position 464 cm-1 Position Pinc st. (GPa) Pinc hydr. (GPa) Elastic Anis.
QI61 126.5 n.d. 463.4 0.3368 0.0111 -8.25E-03
QI62 126.6 205.8 463.8 0.0569 0.0555 1.60E-03
QI63 126.5 204.9 463.4 0.0920 0.0111 2.25E-03
QI64 126.6 207.6 464 0.1283 0.0778 -5.00E-03
QI67 126.6 205.3 463.4 0.0433 0.0111 1.10E-03
QI610 125.8 206.6 463.4 0.2084 0.0111 -9.50E-03
QI611 127 207.7 464 0.1351 0.0778 -2.90E-03
QI615 126.5 209 464.2 0.4328 0.1001 -1.05E-02
QI617 127.3 207.1 464.2 0.0868 0.1001 2.70E-03
QI618 n.d. n.d. 463.4 n.d. 0.1224 n.d. 
QI620 126.5 206 463.7 0.0309 0.0444 -6.00E-04
QI623 126.7 206 463.9 0.0651 0.0666 1.90E-03
10/23/19 QCP QI01 126.1 204.1 463.3 0.1893 0.0222 4.50E-03
11/10/19 QI2 127.2 206 463.4 0.1084 0.0333 3.00E-03
QI6 126.6 n.d. 463.3 0.0430 0.0222 -9.40E-04
QI10 126.4 205.4 463.3 0.0271 0.0222 7.00E-04
QI12 126.8 206.2 463.2 0.0486 0.0111 -1.05E-03
QI28 126.8 205.9 463.3 0.0542 0.0222 -1.50E-03
QI30 126.5 205.9 463.3 0.0378 0.0222 -8.50E-04
10/23/19 QC 8120 QI1 126.5 206.2 463.3 0.1407 0.0111 -3.45E-03
QI2 126.3 206.1 463.2 0.1921 0.0000 -4.80E-03
QI5 126.6 206.7 463.4 0.1782 0.0222 -4.29E-03
QI6 126.5 206 463.3 0.1028 0.0111 -2.50E-03
QI7 126.5 206.1 463.4 0.0974 0.0222 -2.35E-03
QI8 126.4 205.5 463.3 0.0379 0.0111 -9.50E-04
QI9 126.3 205.4 463.3 0.0433 0.0111 -1.86E-02
QI13 126.6 205.8 463.3 0.0449 0.0111 -1.06E-03
QI15 126.6 206.2 463.5 0.0622 0.0333 n.d.






Date of Analysis Sample Inclusion 128 cm-1 Position 206 cm-1 Position 464 cm-1 Position Pinc st. (GPa) Pinc hydr. (GPa) Elastic Anis.
QI21 127.1 206.7 463.9 0.0624 0.0778 1.95E-03
QI22 126.6 205.9 463.3 0.0617 0.0111 -1.48E-03
QI23 126.7 206.4 463.9 0.0394 0.0778 9.00E-04
QI24 126.8 206.5 463.8 0.0482 0.0666 4.50E-04
10/25/19 QC 0242 QI4 126.4 205.6 463.2 0.0162 0.0111 -4.00E-04
QI5 126.1 206.6 463.4 0.2165 0.0333 -5.50E-03
QI8 126.6 206.6 463.4 0.0957 0.0333 -2.19E-03
QI20 126.3 205.5 463.3 0.0044 0.0222 1.00E-04
QI21 126.2 205.2 463.4 0.0812 0.0333 1.18E-03
QI23 126.6 206 463.3 0.0230 0.0222 -2.45E-04
QC 8223 QI1 126.7 206.5 463.9 0.0489 0.0778 1.55E-03
QI3 126.2 206 463.9 0.0437 0.0778 1.00E-03
QI4 126.4 206.6 463.4 0.1650 0.0222 -4.00E-03
QI6 126.6 206.1 463.4 0.0321 0.0222 -6.75E-04
QI7 126.2 205.7 463.9 0.0812 0.0778 2.00E-03
QI8 127.1 206.9 463.9 0.0678 0.0778 2.15E-03
QI9 126.4 205.8 463.5 0.0087 0.0333 2.00E-04
QI10 126.4 206.2 463.4 0.0974 0.0222 -2.35E-03
QI16 126.6 205.7 463.3 0.0136 0.0111 4.00E-04
10/28/19 QC 824a QI4 127.1 205.8 463.8 0.2355 0.0666 6.20E-03
QI14 126.6 205.2 463.3 0.1012 0.0111 2.56E-03
QI15 126.6 206.4 463.9 0.0525 0.0778 1.20E-03
QI16 126.5 205.1 463.3 0.0947 0.0111 2.35E-03
QI19 126.6 205.5 463.3 0.0482 0.0111 1.26E-03
QI21 126.3 205.2 463.4 0.0460 0.0222 1.20E-03
QC 8224a QI12 126.7 205.9 463.4 0.0216 0.0111 -4.50E-04
QI14 126.6 205.8 463.4 0.0270 0.0111 -6.00E-04
QI20 126.6 205.9 463.9 0.0948 0.0666 2.50E-03






Date of Analysis Sample Inclusion 128 cm-1 Position 206 cm-1 Position 464 cm-1 Position Pinc st. (GPa) Pinc hydr. (GPa) Elastic Anis.
QI24 127.1 206.9 464 0.0542 0.0778 1.50E-03
11/10/19 QI 127.1 206.3 463.3 0.0352 0.0000 -5.00E-04
QI1 126.6 206 463.3 0.0893 0.0000 -2.20E-03
QI3 126.5 206.8 463.3 0.2521 0.0000 -6.22E-03
QI5 126.5 205.6 463.3 0.0406 0.0000 -1.05E-03
QI7 126.4 205.7 463.4 0.0541 0.0111 -1.35E-03
QI8 127.1 205.7 463.8 0.2058 0.0555 5.40E-03
QI9 126.5 205.9 463.3 0.0947 0.0000 -2.35E-03
QI11 127 206.1 463.3 0.0396 0.0000 -4.00E-04
QI18 127 205.6 463.2 0.0542 -0.0111 1.50E-03
10/30/19 QC 81132 QI 126.8 205.7 463.3 0.0758 0.0111 2.00E-03
QI1 126.5 205.7 463.2 0.0176 0.0000 -4.30E-04
QI4 126.6 206.3 463.4 0.0499 0.0222 -1.11E-03
QI16 126.5 206.4 463.4 0.0892 0.0222 -2.10E-03
QI17 126 206.6 463.4 0.2435 0.0222 -6.00E-03
QI18 127.1 207.8 464 0.1029 0.0889 -6.50E-04
QI19 126.4 205.6 464 0.1895 0.0889 5.00E-03
QI20 126.6 206.4 463.5 0.0432 0.0333 -9.00E-04
QI21 126.3 206.1 463.4 0.0812 0.0222 -2.00E-03
QI22 126.6 205 463.4 0.1786 0.0222 4.50E-03
QI23 126.2 206.9 463.3 0.2705 0.0111 -6.70E-03
QI24 126.4 206 463.4 0.0406 0.0222 -9.50E-04
QI25 126.3 206.2 463.9 0.0437 0.0778 1.00E-03
QI26 126.5 205.9 463.3 0.0270 0.0111 -6.00E-04
QI27 127.1 206.2 463.4 0.0814 0.0222 2.50E-03
QI29 127.1 206.2 463.4 0.0814 0.0222 2.50E-03
QI32 127.2 205.4 463.3 0.2165 0.0111 5.50E-03
HP 8288b QI4 126.6 206 463.3 0.0617 0.0111 -1.48E-03






Date of Analysis Sample Inclusion 128 cm-1 Position 206 cm-1 Position 464 cm-1 Position Pinc st. (GPa) Pinc hydr. (GPa) Elastic Anis.
QI8 127.2 206 463.9 0.2274 0.0778 6.05E-03
QI9 126.6 205.8 463.4 0.0114 0.0222 0.00E+00
QI10 127.1 206.3 463.5 0.0569 0.0333 1.60E-03
QI11 126.2 206.9 464 0.1351 0.0889 -3.00E-03
QI16 126.6 205.5 463.9 0.1895 0.0778 5.00E-03
QI19 126.7 205.7 463.4 0.0377 0.0222 1.04E-03
QI23 127.2 205.8 463.4 0.1353 0.0222 3.50E-03
11/01/19 HP 8180 QI 126.6 208.1 464 0.2541 0.0889 -5.90E-03
QI1 126.4 205.9 463.4 0.0730 0.0222 -1.70E-03
QI4 126.6 207.8 464 0.2108 0.0889 -4.80E-03
QI6 126.5 207.1 463.8 0.1460 0.0666 -3.40E-03
QI7 126.7 205.3 463.3 0.0847 0.0111 2.17E-03
QI8 126.6 206 463.3 0.0617 0.0111 -1.48E-03
QI10 n.d. n.d. 463.6 n.d. 0.0444 n.d.
QI13 126.4 205.9 463.3 0.0893 0.0111 -2.20E-03
QI18 126.3 206.4 463.4 0.1678 0.0222 -4.20E-03
QI21 126.5 206 463.4 0.0595 0.0222 -1.40E-03
QI23 126.4 206 463.3 0.1082 0.0111 -2.70E-03
QI25 126.5 204.8 463.3 0.1244 0.0111 3.05E-03
QI26 126.6 206.3 463.8 0.0262 0.0666 6.00E-04
WC 811 QI3 126.5 205.4 463.4 0.3387 0.0222 -8.22E-03
11/04/19 QCIS QI6 126.3 205.6 463.3 0.1596 0.0111 -3.95E-03
HP 8257 QI2 126.4 205.7 463.2 0.0325 0.0111 -8.00E-04
QI5 126.4 205.7 463.1 0.0595 0.0000 -1.50E-03
QI12 126.4 206.1 463.2 0.1028 0.0111 -2.50E-03
QI14 127.5 210.5 464.9 0.2356 0.2007 -3.78E-03
QI19 127.3 208.8 464.2 0.1507 0.1224 -2.30E-03
QI27_28 126.4 206.1 463.3 0.0757 0.0222 -1.80E-03






Date of Analysis Sample Inclusion 128 cm-1 Position 206 cm-1 Position 464 cm-1 Position Pinc st. (GPa) Pinc hydr. (GPa) Elastic Anis.
QI38 127.1 206.5 463.4 0.0481 0.0333 1.10E-03
11/08/19 QC 0237b QI 126.9 205.3 463.1 0.0812 0.0000 2.00E-03
QI2 127.3 207.5 464 0.1052 0.1001 1.10E-03
QI3 126.6 206.3 463.4 0.0513 0.0333 -1.05E-03
QI4 126.4 205.6 463.2 0.0449 0.0111 -1.06E-03
QI8 126 207.1 463.4 0.3516 0.0333 -8.50E-03
QI9 126.3 206 463.4 0.0865 0.0333 -2.05E-03
QI10 126.5 205 463.2 0.0379 0.0111 9.50E-04
QI11 126.7 208.5 464.3 0.1972 0.1336 -4.30E-03
QI15 126.2 205.3 463.4 0.0131 0.0333 3.00E-04
QI16 126.2 206.6 463.8 0.1081 0.0778 -2.50E-03
QI18 126.4 208 463.8 0.3029 0.0778 -7.20E-03
QI19 127.6 209.5 464.8 0.1890 0.1895 -2.50E-04
QI20 126.9 209.1 464.2 0.2946 0.1224 -6.62E-03
QI21 127.3 208.4 464.3 0.1416 0.1336 -5.50E-04
QI22 127.2 207.3 464 0.0849 0.1001 1.55E-03
QC 8260 QI 126.8 206.1 463.8 0.0867 0.0555 2.40E-03
QI3 127.1 205.7 463.7 0.1976 0.0444 5.15E-03
QI4 127.3 207.1 463.9 0.0656 0.0666 1.50E-03
QI5 127.1 206.1 463.3 0.0515 0.0000 1.40E-03
QI7 n.d. n.d. 464 n.d. 0.0778 n.d.
QI8 126.9 207.3 463.9 0.0816 0.0666 -1.60E-03
QI13 127.1 206 463.9 0.1977 0.0666 5.25E-03
QI15 126.5 205.4 463.6 0.0893 0.0333 2.30E-03
QI18 126.3 205.5 463.4 0.0175 0.0111 -4.00E-04
QI19 126.7 208.1 464 0.2406 0.0778 -5.60E-03
QI20 126.9 206.7 463.3 0.1163 0.0000 -2.80E-03
QI25 126.8 206.5 464 0.0651 0.0778 1.95E-03





Date of Analysis Sample Inclusion 128 cm-1 Position 206 cm-1 Position 464 cm-1 Position Pinc st. (GPa) Pinc hydr. (GPa) Elastic Anis.
QI4 126.4 206.8 463.8 0.1081 0.0666 -2.50E-03
QI7 127 205.5 463.3 0.1381 0.0111 3.60E-03
QI12 n.d. n.d. 463.6 n.d. 0.0444 n.d.
HP 8262 QI1 126.5 206.2 463.3 0.1407 0.0111 -3.45E-03
QI4 126.7 207 464 0.0705 0.0889 -1.00E-03
QI6 n.d. 206.2 463.3 0.1136 0.0111 -2.75E-03
QI7 127.1 206.3 463.8 0.1084 0.0666 3.05E-03
QI8 126.5 207 463.3 0.2803 0.0111 -6.86E-03
QI10 126.8 206.2 463.9 0.0840 0.0778 2.40E-03
QI11 126.7 206.7 463.3 0.1812 0.0111 -4.35E-03
QI20 127.1 206.1 463.9 0.1684 0.0778 4.57E-03
QI15 126.5 206.3 463.4 0.1298 0.0222 -3.15E-03
QI19 126.6 205.2 463.8 0.1895 0.0666 5.00E-03
HP 8263 QI 126.9 206.1 463.4 0.0202 0.0111 2.00E-04
QI8 126.6 205.7 463.3 0.0176 0.0000 -8.15E-04
QI9 n.d. 206 463.3 0.0354 0.0000 -5.50E-03
QI13 126.6 206 463.3 0.0717 0.0000 -1.75E-03
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